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The ability of plants to utilize light to fix CO2 from the athmosphere has provided the 
foundation for the life we see today. In addition, plants are sources of phytochemicals, 
which are used today as medicine, as nutrinients which many possess great health-
promoting effects, in drug development as models for new pharmaceutical compounds, 
as agrochemicals, as flavours and as a safe alternative for coloring to name a few. 
Additionally plants can be harnessed to produce recombinant proteins and it has 
multiple benefits if compared to the more common methods, production by bacteria and 
yeasts (Ma et al. 2003). However, producing the desired phytochemicals or recombinant 
proteins is slow in plants and it faces multiple problems (Ramachandra and Ravishankar 
2002). Production of the desired compounds is dependable on environmental factors, 
continuous supply is hard to establish and the products have no assurance of quality and 
yields can be low.  
 
Plant cell culture technology has evolved to face these problems. Nonetheless producing 
important secondary metabolites in plant cell cultures has its bottlenecks: the cell 
cultures may not produce desired compounds or the production of the secondary 
metabolites is not at the required level to cover the costs of running these systems 
(Ramachandra and Ravishankar 2003). Alongside with metabolic engineering and 
elicitation and the other strategies to enhance the production of secondary metabolites, 
optimizing the environmental factors and the growth conditions, such as light, which 
contribute to the secondary metabolite accumulation can offer a potential solution to the 
characteristic problems of secondary metabolite production in plants or plant cell 
cultures.  
 
Various biological processes in plants are dependent on narrow band of electromagnetic 
radiation. Signals from the surrounding environment of the plants are mediated by 
various phytoreceptors. The phytoreceptors, which are specialized to receive signals 
from different electromagnetic wavebands, control various responses in the plants 
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which provide the needed changes in the plant biochemistry required for adaptation for 
the prevailing conditions. Plant cell cultures contain the same genetic information as 
their elite mother plants; hence cultured plant cells can exhibit similar responses to 
different wavebands of light. 
 
The opportunities offered by LED technology could solve some of the problems of 
secondary metabolite production in plant cell cultures. LED technology provides a 
possibility to produce desired light quality, providing a tool for optimizing the light 
spectra according to the requirements for optimal growth of plants and plant cell 
cultures. LED as artificial light source, is becoming widely utilized in plant horticulture, 
improving energy efficieny and enhanching growth and nutritional value of cultured 
plants. In addition, LED lights offer a possibility for studying effects of different 
wavelengths on plant biochemistry and it can be used for altering and optimizing 
secondary metabolite production in plants and plant cell cultures accompanied with 
other stratagies. LED lights have remarkably higher effiency in light output compared to 
conventional lighting solutions used in horticulture and plant cell culture systems, thus 
increasing the economic viability of both. Aim of this study was to evaluate the 












II. LITERATURE REVIEW 
 
1 PLANT CELL CULTURES 
 
Plant cells possess biosynthetic totipotenty, meaning that each cell contain same genetic 
information as elite mother plant and is therefore capable to produce same chemicals 
(Ramachandra and Ravishankar 2002). Plant cell cultures can be obtained by inducing 
callus and growing it in laboratory conditions. In the nature callus is formed as a result 
of wounding or infection in plants. Calli are unorganized parenchymatic plant cells, 
which can be regenerated to different plant organs or even to full plants and it is a great 
example of plasticity of plant cells. The callus cultures can be divided to two groups; 
callus that show no organ regeneration, which is known as friable callus, and callus 
which exhibit organ regeneration. Larger scale production of plant cells is possible by 
cell suspension cultures which can be obtained from callus by agitating cell mass to 
liquid media. 
 
It is possible to establish callus cultures in laboratory conditions for example by 
mechanical damage to a plant organ which is then placed in growth media where 
unorganized state of cells and growth is favored by balancing plant hormones. It is 
possible to control differentiation and callus induction by balancing two plant 
hormones, auxin and cytokinin. High auxin to cytokinin ratio promotes callus induction 
whereas opposite ratio induces organ regeneration. Callus formation can be also 
induced by introducing bacteria Rhizobium rhizogenes or other gall inducing bacteria to 
plants (Ikeuchi et al. 2013). Growth media contains all elements which are needed from 
carbon source, amino acids and vitamins to salts for cell growth and division. In 
heterotrophic plant cell cultures carbon source which is commonly used is sucrose, 
which is hydrolyzed by plant cells to monosaccharides glucose and fructose by 
invertases in cell wall or plasmalemma (Cresswell et al. 1989). It is also possible to 
establish hotoautotrophic cell cultures when cells fix carbon from CO2 by 
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photosynthesis. Photosynthetic activity is not as efficient in cell cultures, which have 
been shown to exhibit approximately half of the PS I and PS II activity of green leaves 
but additionally plant cell cultures exhibit same elements of photosynthetic machinery 
(Hüsemann et al. 1989; Sato et al. 1989). 
 
1.1 Secondary metabolite production in plant cell cultures 
 
Plant cell cultures are used for secondary metabolite production; applications of cell 
cultures include producing compounds of pharmaceutical importance, food additives 
and recombinant protein production (Ramachandra and Ravishankar 2002). Since plant 
cells are totipotent, it should be possible to produce same secondary metabolites in plant 
cell systems in right conditions as in their elite mother plants (Fowler 1983). Problems 
may occur in secondary metabolite production; yields can be low or desired secondary 
metabolites are not produced in cell cultures. But in some cases concentration of 
secondary metabolites is higher in cell cultures than in plants.  
 
Illumination and especially spectral quality is widely known to have an impact on plant 
secondary metabolite production, hence plant cells containing the whole genetic 




2 BERRY SPECIES USED IN THIS STUDY 
 
In this study, callus cultures of six berries from genera Vaccinium and Rubus were used. 
More detailed information of their respective secondary metabolite production is 
described in secondary metabolite chapter. 
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2.1 Vaccinium genera 
 
Bilberry (Vaccinum myrtillus) is a woody dwarf shrub native to northern Europe and 
one of the most abundant plants in Finnish forests. Bilberries grow 10‒30 cm in height 
and occure in shady areas in heath forests but also in more barren growing conditions 
(Arktiset aromit 2014). Bilberry fruits are an excellent source of anthocyanins which are 
responsible for the characteristic blue color. Along anthocyanins, bilberry is a rich 
source of other phenolic compounds as well.  
 
Lingonberry (Vaccinium vitis-idaea) is found throughout Finland. It grows to a height 
of 5‒30 cm and it is natural habitat is similar to bilberry but it is also found in more 
barren and drier conditions (Arktiset aromit 2014). Red fruits of bilberry contain various 
polyphenols, vitamin-E, lignans, resveratrol and high amounts of organic acids.  
 
Two species of cranberries are found in Finland. Cranberry (Vaccinium oxycoccos) is 
commonly met in south and middle Finland and found in bogs and swamps (Arktiset 
aromit 2014). Small cranberry (Vaccinium microcarpum) is native to northern Finland 
and found in drier soils than cranberry. Cranberry grows at the ground level and twigs 
can reach 10‒80 cm of length. Red cranberry fruits are rich sources of vitamin-C and 
are rich of organic acids. Berries also contain flavonols, lignans and 
protoanthocyanidins.  
 
2.2 Rubus genera 
 
Raspberry (Rubus idaeus) is a shrub commonly met in south and middle Finland along 
various locations such as close to river banks and streams, at edges of logging areas and 
roadsides (Arktiset aromit 2014). Plant itself is usually 50‒150 cm in height and 
produces fruits prolifically. The berries are good sources of vitamin-C and contain 
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important phytochemicals such as anthocyanins and para-hydroxybenzyl acetone which 
is known as raspberry ketone. 
 
Arctic bramble (Rubus arcticus) is met throughout Finland and is met in forest groves 
and similar habitats as raspberry (Arktiset aromit 2014). Arctic bramble grows to a 
height of 10‒25 cm. Fruits of arctic bramble are rich in ellagitannins. 
 
Cloudberry (Rubus chamaemorus) is found in pristine swamps in whole Finland 
(Arktiset aromit 2014). It is relatively small plant reaching heights of 10‒25 cm. Like 
fruits of raspberries, fruits contain vitamin-C but also remarkable amount of vitamin-E. 
Most important phytochemicals of cloudberries are ellagitannins.  
 
 
3 LIGHT EMITTING DIODES AND LIGHT 
 
3.1 Light emitting diode 
 
Light emitting diodes (LEDs) are pn-junction semiconductors (Figure 1). When current 
is run through LED, holes from p-type material move towards n-type material side and 
for the electrons in n-type material move vice versa (Osram 2011). When electrons and 
holes combine in depletion zone, electron falls to lower energy level and energy is 
released and in LEDs in form of radiation of light and heat. The higher the differences 





Figure 1. Light emitting diode (Osram 2011). Current ran through semiconductor moves 
holes from p-type material towards depletion zone and electrons from n-type material in 
the same manner. When a hole and an electron combine in depletion zone, electron falls 




Visible light is electromagnetic radiation roughly between wavelengths 400 to 700 nm. 
These electromagnetic waves are produced when for example electrons bound to atoms 
make transitions to lower energy states. Light particles are called photons and the 
energy possessed by photon depends on its frequency. The frequency of photons can be 
divided roughly to main visible colors by wavelengths; violet as 400‒435 nm, blue as 
435‒500 nm, green as 500‒565 nm, yellow as 565‒590 nm and red as 625‒700 nm 
(Figure 2). Non-visible radiation is radiation after two extremes of the visible range. 
Electromagnetic radiation over 700 nm is classified as far-red and frequencies in 100 to 
400 nm are ultraviolet (UV) wavelengths, which are divided to UV-C (100‒280 nm), 




Figure 2. Electromagnetic spectrum from UV-B to far-red (FR). Visible light as violet 
(V) ranges from 400‒435 nm, blue (B) 435‒500 nm, green (G) 500‒565 nm, yellow (Y) 
565‒590 nm, orange (O) 590‒625 nm, red (R) 625‒700 nm and far-red over 700 nm. 
 
Light intensity can be described by measuring quanta or energy and it depends of 
geometry of light sensor. In this study intensity is expressed as irradiance which is the 
energy received by a flat surface per unit area and per unit time.  
 
 
4 SENSOR PIGMENTS, MASS PIGMENTS AND PHOTOSYNTHESIS 
 
Plants absorb light by pigments in a range approximately between 320 to 760 nm. The 
absorbed energy excites the pigments and the excitation energy can be used in 
metabolic processes, dissipated as heat or transferred to other molecules. Pigments 
found in plants can be divided in mass pigments and sensor pigments (Aphalo 2006). 
Mass pigments harvest energy for metabolic processes of photosynthesis in 380‒690 nm 
or protect the photosynthetic apparatus by inactivating excess energy (Figure 3). Sensor 
pigments or photoreceptors are involved in development and adaptation by various 
interactions to environmental conditions thus they are essential in controlling plants 





Figure 3. Absorption spectra of mass pigments (β-carotene, chlorophyll a, chlorophyll b, 
lutein and zeaxanthin).  
 
4.1 Sensor pigments 
 
Sensor pigments can be divided to three main groups: Blue/UV-A photoreceptors, 
phytochromes and UV-B photoreceptors (Aphalo 2006; Hejde and Ulm 2012). The 
absorption properties of the sensor pigments are visualized in Figure 4. Plant growth 
and biosynthesis responses are driven by various interactions of photoreceptor mediated 
actions, of which the most important are cryptochromes and phytochromes (Neff and 







Figure 4. Absorption ranges phytochromes, cryptochromes, phototropins and UVR8 
photoreceptors (Hejde and Ulm 2014). 
 
4.1.1 Blue/UV-A photoreceptors 
 
The two main classes of blue/UV-A photoreceptors are categorized as cryptochromes 
(CRY1-3) and phototropins (PHOT1-2) (Aphalo 2006).  
 
Cryptochromes have dual chromophores, flavin adenine dinucleotide and a deazaflavin 
or a pterin. Cryptochromes are localized in the nucleus where they activate or 
suppressing gene transcription. Some studies have shown that red light has also affect 
cryptochrome mediated gene expression and studies on mutants have shown various 
synergistic effects under phytochromes and cryptochromes (Neff and Chory 1998; 
Casal 2000; Usami et al. 2004). Cry2 expression levels are reduced by increased 
irradiances of blue light and cryptochrome mediated responses are also involved in 
inhibitory effects of plant growth (Spalding and Folta 2005; Yang et al. 2008).  
 
CRY1 and CRY2 interact with E3 ubiquitin ligase constitutive photomorphogenesis 
(COP1) (Wade et al. 2001). COP1 is an important protein in balancing light-regulated 
transcription by controlling the degradation of these transcription factors. COP1 
functions by binding to the substrate and moving it to E2 ubiquitin conjugase which 
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then degrades the substrate (Spalding and Folta 2005). In lightless conditions COP1 
degrades transcription factors including protein HY5 directly in the nucleus but under 
illuminated conditions the degradation is prevented (Osterlund et al. 2000).  HY5 is a 
bZIP protein that is positive regulator of plant photomorphogenesis (Chattopadhyay et 
al. 1996). HY5 rates are controlled by degradation by COP1 and light might have a role 
in inactivating the degrading protein (Osterlund et al. 2000).  
 
Phototropins are the photoreceptors which are involved in adapting the photosynthesis 
related processes to the environment, PHOT1 mediating signals triggered by low blue 
light fluence and PHOT2 in high light responses (Chen et al. 2004; Spalding and Folta 
2005). Phototropins control optimization of the mass pigment content of photosynthetic 
organs and their positioning according to prevailing light conditions (Spalding and Folta 
2005). They might have also a role in controlling sizes of light harvesting complexes, 




Phytochromes are a family of soluble and mobile photochrome photoreceptor proteins 
synthetized in cytosol. In whole plants the important function of phytochromes is that 
plants modify their growth and development by sensing red to far-red ratio of their 
environment (Smith 2000). Phytochromes are thought to regulate gene-expression 
selectively, either being kinases which act on multiple substrates and regulating 
expression of genes differentially or by having one or multiple reaction sites that 
channel signal transduction with outcome of selectivity of gene expression. The kinase 
theory is supported by the fact that phytochrome has kinase like structure and ability to 
control the phosphorylation of target proteins, for example photoreceptors CRY1 and 
CRY2 (Spalding and Folta 2005). The normal signaling of phytochromes and 




Five different phytochromes have been identified (PHY A to PHY E) (Aphalo 2006). 
Amino acid sequences of phytochromes apoproteins can be different but the common 
factor in these photoreceptors is that they share the same chromophore, a linear 
tetrapyrrol. The photochrome feature comes from the capability to change color when a 
specific wavelength is absorbed. There are two interconvertible forms of phytochromes 
with different absorption maxima; inactive form Pr which is sensitive to red spectrum 
and is converted to active form Pfr which is sensitive to far-red. The absorption spectra 
of the chromophores are not only limited to red and far-red region, each form has 
absorption peaks in UV and blue region as well (Smith 2000). Phytochrome is 
synthesized as its inactive form Pr and is converted to the active form, Pfr by red light 
which can be converted again back to Pr by red light or darkness (Figure 5). The balance 
between Pr and Pfr is called photoequilibrium (Aphalo 2006). In conditions where 
irradiation periods are longer the balance between the phytochromes is dependent on 
synthesis and breakdown. COP1 is known also to degrade Pr and Pfr shortly after its 
conversion (Spalding and Folta 2005). Phytochromes are associated in various 
biochemical processes by either as suppressor or inductor and phytochromes have an 
essential role in various plant development stages and also in plants’ adaptation to the 
surrounding environment. Additionally phytochromes interact widely with other 
photoreceptor mediated responses.  
 
 
Figure 5. Phytochrome is synthesized as Pr which is activated by radiation at 660 nm 
and is deactivated by radiation at 730 nm. By balancing the activated and inactivated 






4.1.3 UV-B photoreceptor 
 
UVR8 photoreceptors, which are sensitive to UV-B radiation, are located in cytoplasm 
and the nucleus (Hejde and Ulm 2012). Amount of UVR8 photoreceptors is not affected 
by light but UV-B radiation accumulates the UVR8 receptors to the nucleus. UVR8 is 
also involved in COP1 signaling by inactivating its inhibitory effect on HY5 responses 
like cryptochromes; however it does not require UV-B light for the interaction (Jenkins 
2014). UVR8 photoreceptors are widely expressed in plant organs and have important 
roles in UV-B protective responses (Rizzini et al. 2011). 
 
4.2 Mass pigments 
 
Mass pigments that are found in plants are categorized to two main groups. One group 
is chlorophylls which consist of chlorophyll a and chlorophyll b. The other group is 
carotenoids which can be categorized to two subgroups, carotenes and xanthophylls. 
Chlorophyll and carotene biosynthesis is not always driven directly by light. The 
biosynthesis of chlorophylls and carotenoids are regulated indirectly by redox potential 
generated by photosynthesis where component of electron transfer chain, plastoquinone, 
is a redox potential sensor inducing carotenoid biosynthesis gene expression (Pizarro 
and Stange 2009).  
 
4.2.1 Chlorophylls  
 
In the plant kingdom two different chlorophylls are found, chlorophyll a and 
chlorophyll b with different absorption properties (Figure 6). Chlorophylls are 
synthesized from glutamic acid by 17 enzymatic reactions, regulation of the synthesis is 
complex due to feedback inhibition by metabolites and some synthesis steps are driven 
by light (Ilag et al. 1994; Taiz and Zeiger 2010).  
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The first step of the synthesis is formation of 5-aminolevulinic acid from glutamic acid, 
which is then condensed yielding porphobilinogen (Blankenship 2002). The 
porphobilinogen is condensed further to form protoporphyrin IX which has porphyrin 
structure also found in hemoglobin and cytochromes. Mg
2+
 ion is then added to the 
porphyrin center and monovinyl chlorophyllide A is formed. Monovinyl chlorophyllide 
A is reduced by a light dependent enzyme, protochlorophyllide oxoreductase yielding 
chlorophyllide A. In lightless conditions plant seedlings do not form chlorophylls but 
they contain small amounts of proto-chlorophyllides which can be quickly transferred to 
chlorophyllide (Lichtenthaler 2009). A 20-carbon phytol derived from isoprene pathway 
is then added to the chlorophyllide A and chlorophyll a is formed (Blankenship 2002). 
Chlorophyll b is derived through oxygenation of chlorophyll a by chlorophyll a 
oxygenase (Tanaka et al. 1998). The difference between chlorophyll a and chlorophyll b 
is in the compound’s C-7 carbon which contains methyl in chlorophyll a and formyl in 
chlorophyll b (Figure 6). The different group alters the absorption properties of 
chlorophyll b in a fashion that the molecule’s lower absorption maximum shifts to lower 
wavelengths and higher absorption maxima towards longer wavelengths (Figure 6).  
 
The porphyrin ring structure of chlorophylls contains loosely bound electrons which 
contribute to the molecules capability for electron transition and redox reactions (Taiz 
and Zeiger 2010). Due to the loosely bound electrons and chlorophyll’s capability of 
absorbing light efficiently, chlorophyll molecules electrons are readily excited to higher 
energy states. When chlorophyll absorbs a photon on its lowest energy state, ground 
state, it will be shifted to a higher excited state. The magnitude of excitation depends on 
the wavelength of light; photons emitted in lower wavelengths contain more energy 
than longer wavelengths. The chlorophyll is very unstable in this state and it easily 
disposes some of the energy to its surroundings by heat to enter lowest excited state. 
Chlorophyll which is in the lowest excited state can revert to the ground state by 
disposing the energy by fluorescence, heat conversion, transfer it to other molecules by 
resonance or the energy can utilized in photosystems reaction centers for 





Chlorophyll R1 R2 λmax (nm) 
b CH3 Phytol 454, 646 
a CHO Phytol 428, 662 
Figure 6. Chlorophyll b and chlorophyll a. The oxidation of methyl in R1 (chlorophyll 
b) to formyl (chlorophyll a) changes the absorption in the molecule towards lower 
wavelengths.   
 
4.2.1.1 Effect of light quality on chlorophyll biosynthesis 
 
In a study carried out with the moss Ceratodon purpureus it was reported that red light 
is essential for chlorophyll synthesis and the promoting effect of red light on 
chlorophyll synthesis is cancelled by subsequent far-red light pulses (Lamparter et al. 
1997). Phytochrome mutants do not exhibit any chlorophyll biosynthesis gene 
expression or chlorophylls (Usami et al. 2004). The activation by red light and 
inactivation by far-red and impairing effect of phytochrome defiency on chlorophyll 
biosynthesis is a clear indication that phytochromes and their activation are essential for 




Phytochrome activation in chlorophyll accumulation is not acting on enhancing 
chlorophyll biosynthesis alone. Usami (2004) and his team reported that blue light 
through cryptochrome mediated responses had greater yield on chlorophylls than red 
light on Arabidopsis thaliana root culture. In the same study it was noted that HY5 
transcription factor is needed for phytochrome and cryptochrome mediated responses of 
chlorophyll accumulation. It was also shown that COP1 mutants, lacking the restraining 
effect mediated by COP1 on HY5, exhibited high chlorophyll accumulation without 
differences in responses to red or blue light. Usami (2004) and his team suggested that 
PHY A and PHY B acts synergistically with CRY1 to inactivate COP1 and hence 
activate HY5. Arabidopsis thaliana PhyAphyBcry1 mutant seedlings have been shown 
to have lowest accumulation of chlorophylls on different combinations of mutations on 




Carotenoids are universally found in organisms which are capable of photosynthesis. 
Carotenoids are bound with chlorophylls to light-harvesting complex proteins with 
chlorophylls that are integrated to thylakoid membranes to deliver energy to 
photosystems (Lichtenthaler 2009). Carotenoids improve efficiency of photosynthesis 
by absorbing light in blue-green spectrum and transfer it to chlorophyll and protect the 
photosynthetic apparatus from damage by quenching excess photons thereby preventing 
formation of reactive oxygen species (Telfer 2002).  
 
Carotenoids are 40-carbon compounds which are formed through condensation reaction 
of 8 isoprene units. They can be divided to two groups by their structure, to pure 
hydrocarbon containing carotenes and to oxygen containing xanthophylls (Figure 7). 
Carotenoids and the phytol chain of chlorophyll share similar biosynthetic route via the 
DOXP/MEP (non-melavonate) pathway of isopentenyl diphosphate molecules (IDP) 
(Lichtenthaler 2009). Carotenoid biosynthesis pathway starts from intermediates of the 
Calvin cycle in chloroplast, pyruvate and glyceraldehyde-3-phosphate (GA-3-P). These 
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intermediates are then processed to 1-deoxy-D-xylulose-5-phosphate (DOXP) which is 
reduced to dimethylallyl pyrophosphate (DMAPP) and the isomer isopentenyl 
pyrophosphate (IPP) which can be exported actively also from cytoplasm to 
chloroplasts under photosynthetic conditions. A 10-carbon monoterpene geranyl-
diphosphate is formed after condensation of DMAPP and IPP. In the next steps two IPP 
molecules are added to geranyl-diphosphate (GDP) and 20-carbon diterpene 
geranylgeranyl-diphosphate (GGDP) is formed. Two GGDPs go through condensation 
reaction yielding a 40-carbon unit, phytoene, which is then dehydrogenized to ζ-
carotene (Figure 7). ζ-carotene is then dehydrogenized further to lycopene and to this 
two ionone rings are added and tetraterpenoid carotenoids are formed. Depending on 
double bond position either α- or β-carotene is formed from ζ-carotene. Lutein is 
formed from hydroxylation of α-carotene and components of xanthophyll cycle from β-
carotene (Figure 7). In plants two different xanthophyll cycles have been described, the 
more common violaxanthin cycle and lutein epoxide cycle which is limited to only 




Figure 7. Carotenoid biosynthesis route, classification and xanthophyll cycle. The two 
ionone rings are attached to carotenoid backbone from corresponding A-group. 








β-carotene and α-carotene are the most common carotenoids in plants. The structural 
difference between these two lies in the saturation of the cyclic rings position (Figure 
7). β-carotene is an essential component of photosystem II which activity is lost if 
synthesis of the carotene is inhibited (Telfer 2002). Unlike certain xanthophylls, β-
carotene is incapable to quench excited chlorophylls. However β-carotene has important 
role in scavenging reactive oxygen species and therefore is important part of 




Lutein, which is derived from α-carotene, is a part of the light harvesting system by 
transferring harvested excitation energy to chlorophyll a and part of photoprotection 
mechanisms as quencher of excited chlorophylls (Jahns and Holzwarth 2012). The β-
carotenes quenching of reactive oxygen species is due lutein. Lutein also stabilizes the 
structure of antenna proteins. In lutein epoxide cycle lutein epoxide is reversibly 
converted to lutein in light-harvesting state.  
 
Violaxanthin cycle is one of the mechanisms of plants to control capture and flow of 
excitation energy to reaction centers (Eskling et al. 1997). The violaxanthin cycle 
consists of cyclic reaction where violaxanthin is de-epoxidated through intermediate 
antheraxanthin as indermadiate to zeaxanthin (Figure 7). In conditions where reaction 
centers are in danger to be over-excited the balance of the cyclic reaction moves 
towards zeaxanthin and in conditions where reaction centers do not receive enough 
energy balance is shifted back to violaxanthin to improve light utilization. There are 
also indications that conversion of β-carotene to zeaxanthin increases in the same 
conditions where the balance of violaxanthin cycle favors zeaxanthin. Zeaxanthin as 
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antioxidant protects lipids and components of thylakoid membranes from photo-
oxidative damage generated in strong light (Jahns and Holzwarth 2012). 
 
4.2.2.3 Effect of light quality on carotenoid biosynthesis 
 
Gene expression of carotenoid biosynthesis is regulated at transcriptional level 
contributed by responses mediated from photoreceptors (Pizarro and Stange 2009). HY5 
is involved in the biosynthesis in similar phytochrome/cryptochrome interaction manner 
as described as with chlorophylls. It is possible that effect of wavelength on carotenoid 
accumulation has differences depending on a plant and differences can be also within 
same plant from different tissues (Tuan et al. 2013). 
 
Red light has been reported to increased expression of phytoene synthase in Nicotiana 
tabacum seedlings when compared with blue light (Woitsch and Römer 2003).  In the 
study of Woitsch and Römer (2003) red light was also reported to increase expression 
of enzyme which is responsible for zeaxanthin formation from β-carotene. Similar 
results were found in first days of treatment of Fagopyrum tataricum with red light but 
in the end of the experiment blue light had higher expression rate (Tuan et al. 2013). 
Differences were not found in gene expression of enzymes involved in formation of 
antheraxanthin from zeaxanthin under red or blue light (Woitsch and Römer 2003). 
Tuan (2003) and his team’s results showed that in total carotenoid yield white light 
(peak in 380 nm) was the more effective when compared to blue (470 nm) and red (660 
nm) monochromatic light. White light contains both blue and red spectra and in this 
study the light source was especially dominant in UV-A/blue region, therefore the 
results are possibly explained by inductive effects of cryptochromes and phytochromes 





4.2.3 Photosynthesis and light harvesting complexes 
 
Photosynthesis is a reaction where energy of electromagnetic radiation is utilized to 
oxidize water to oxygen, protons and electrons which are driving reduction of CO2 to 
sugars (Figure 8). The multi-step redox reaction takes place in chloroplasts in thylakoid 
membranes in plants. Photosynthesis could not be run efficiently only by chlorophylls 
being the only molecules absorbing photons since chlorophylls have limited capacity of 
absorbing photons (Taiz and Zeiger 2010). Antenna complexes are associated with 
photosystems by funneling absorbed energy to reaction centers by resonance transfer 
between molecules. Absorbed energy is lost in progress as heat and photons are 
therefore shifted to longer wavelengths when reaching the reaction centers of 
photosystems (Figure 8).  
 
The reaction centers of PS II and PS I, have light-harvesting complexes (LHC) which is 
a complex protein containing carotenoids, chlorophyll b and chlorophyll a which 
channel the energy to reaction centers (Figure 8). Antenna systems found in plants can 
vary between 200-300 chlorophylls per reaction center in LHC II and approximately 





Figure 8. Principles of photosynthesis (Blankenship 2002; Taiz and Zeiger 2010). 
Energy from light is transferred by resonance transfer mediated by carotenoids and 
chlorophylls. Part of the energy is lost in transfer as heat and transferred energy is lower 
in each step. Energy is transferred to reaction centers P680 and P700 which contain 
specialized chlorophylls. P680 in PS II produces oxidant (P680*) which oxidizes water. 
Proton from water oxidization is utilized by ATP synthase and electron is transferred 
from grana lamellae by electron transfer chain to stroma lamellae where PS I is located. 
In PS I light is absorbed in the same manner to reaction center P700 producing 
reductant (P700*) which reduces NADP
+
 to NADP. NADP and ATP is used in Calvin 





4.2.4 Photosystem II and Photosystem I 
 
PS II and PS I operate together to complete early energy storage reactions of 
photosynthesis (Blankenship 2002). In PS II, a strong oxidant, excited chlorophyll 
P680* is formed, which is able to oxidize oxygen-evolving complex (OEC) which then 
oxidizes water (Figure 8). The electron from the oxidizing reaction is then transferred 
by a multi-step electron transfer chain which consists of pheophytin, plastoquinone, 
cytochrome b6f protein complex and plastocyanin to PS I. In PS I chlorophyll P700 can 
also be in excited state and oxidizing chlorophyll P700* is formed. The clectron from 
light-excited P700 is used for reducing NADP
+
 to NADPH and the electrons from PS II 
are transferred to electron deficient P700. Activity of PS II and PS I in case of other one 
is overly active by membrane bound kinases which control phosphorylation of LHC II.  
 
4.2.5 Photoprotective mechanisms 
 
Excess light can lead to formation of ROS like superoxides, singlet oxygen and 
peroxides which can damage the photosynthetic system if the excess energy is not 
dissipated efficiently (Taiz and Zeiger 2010). The energy which is not utilized in 
photochemistry can be disposed as heat or as re-emission of light at longer wavelengths, 
fluorescence (Eskling et al. 1997; Jahns and Holzwarth 2012). Energy emitted by 
fluorescence which is not used in photochemistry is called non-photochemical 
quenching and is categorized in three major mechanisms: pH gradient-dependent or 
energy dependent mechanism, redistribution of energy from PS II to PS, zeaxanthin-
dependent quenching and photoinhibition. The pH gradient-dependent or energy 
dependent mechanism involves activation energy transfer from chlorophyll to 
antheraxanthin and zeaxanthin or formation of dissipating centers in antenna complexes. 
Photosynthetic organisms have mechanisms to regulate the energy flow in the antenna 
system to avoid excess excitation of the reaction centers and ensure that PS II and PS I 





Lipids can be defined as a group of non-polar compounds which are not soluble in water 
but are soluble in non-polar organic solvents and therefore constitute a diverse group of 
plant metabolites (Ohlrogge and Browse 1995). If defined in this manner, lipids can be 
divided to two groups, one group containing compounds derived from fatty acid and 
glycerolipid pathway forming the majority. Second group contains compounds derived 
from isoprenoid pathway which are considered as secondary metabolites. Lipids derived 
from fatty acid biosynthetic pathway are essential to plant cells and are therefore 
primary metabolites. 
 
Almost all lipids found in vegetative plant cells are located in cell membranes. Lipids 
can constitute 5‒10 % of dry weight of these cells but in seeds lipids can constitute even 
60 %. Only four fatty acids are responsible for 90 % of structural glycerolipids of most 
plant cell membranes (Table 1). Over 75 % of fatty acids found in plants are 
unsaturated. Free fatty acids are rarely found in whole plant cells; fatty acids are instead 












Table 1. Four major structural fatty acids of glycerolipids. Oleic acid has a double bond 










































































































5.1 Fatty acid biosynthesis 
 
Fatty acids are synthesized from acetyl-CoA derived from glycolysis of glucose in the 
plastids and chloroplasts. Formation of malonyl-CoA from acetyl-CoA and CO2 
catalyzed by Acetyl-CoA carboxylase (ACCase) is the first step of fatty acid synthesis. 
ACCase is thought to be the regulatory enzyme of fatty acid synthesis (Ohlrogge and 
Browse 1995).  
 
The production of 16- and 18-carbon fatty acids contains over 30 enzymatic reactions 
which take place in chloroplasts. In the first steps of the synthesis malonyl-CoAs are 
joined together piece by piece by enzyme complex cycle, fatty acid synthase (FAS), 
yielding palmitic acid (C16:0) and mainly oleic acid (C18:0) bound to acyl carrier 
proteins (ACPs), the two main acyl-ACPs (Slabas et al. 2009). FAS enzyme consists of 
six catalytic polypeptides and one polypeptide with a thiol group, acyl-carrier protein 
(ACP). The formed C18:0 can then undergo three different reactions; double bond can 
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be formed to Δ-9 position catalyzed by stearoyl-ACP desaturase yielding C18:1-ACP, 
which can be incorporated to membrane glycerolipids or they can be released from ACP 
to leading to free fatty acid.  
 
Acetyl-CoA is added to the free fatty acids which are moved to endoplasmic reticulum 
for further modifications. Most common modifications of C18:1 are modifications by 
Δ12- and Δ15-desaturases yielding linoleic acid (C18:2) and α-linolenic acid (C18:3). 
C18:1 fatty acid can be elongated further by similar mechanisms as the fatty acid 
synthesis itself. Acetyl-CoA pool remains constant even when fatty acid synthesis is 
more active under illumination and less active under darkness (Ohlrogge and Browse 
1995). Fatty acid biosynthesis is the most dependable of two environmental factors, 
temperature and light intensity (Burgos et al. 2011).  
 
5.2 Differences in cell cultures fatty acid composition compared to plants 
 
Lipid content of callus cultures is higher than content in the elite mother plant and lipid 
composition is different from their elite mother plants (Prabha et al. 1988; López et al. 
1999).  Prabha (1988) and his team studied the composition of fatty acids of apple fruit 
and callus induced from the fruit, and the major difference between these two was 
content of lipids C16:0, C18:0, C18:1 and C18:3 which were higher in callus. The 
content of C18:2 was remarkably higher in the fruit sample in the study. López (1999) 
and his team reported that distribution of C18:3 were remarkably lower in parsley cell 
cultures compared to parsley.  
 
Despite the fact that callus cultures and full plant tissues show differences in lipid 
composition, they exhibit similar patterns in fatty acid synthesis to some extent. For 
example increased growth temperature has similar effects on reduction of C18:3 and 
C18:2 fatty acids in full plants and callus cultures (Hirano et al. 1997; Falcone et al. 
2004; Hernández et al. 2008). Even cell cultures and plants vary in fatty acid 
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composition; they can possibly be used as a probe in studying lipid biosynthesis since 
they do exhibit same lipids and therefore similar enzymatic activity.  
 
5.3 Effect of light quality on fatty acid biosynthesis 
 
The regulatory enzyme of fatty acid synthesis, ACCase, is activated by reduction which 
is controlled by light (Kozaki and Sasaki 1999). Anyhow ACCase activity is not fully 
dependent on light activation but light contributes to activity of the enzyme in a great 
extent (Browse et al. 1981). 
 
Little is known about the lights effect on fatty acid desaturase activity of plants and less 
is known about contribution of light quality on the matter. The most comprehensive 
studies are carried out mainly on algae. Hernández (2008) and his co-workers studied 
high light treatments effect in Olea europaea L compared to low light. High light 
intensity increased formation of C18:2 fatty acids but did only have minor effect on 
C18:3 concentrations  In studies carried out on cyanobacteria it has been found that 
light induced genes which are responsible for Δ12-, Δ15- and Δ6-desaturases but had 
little effect on Δ9-desaturase (Kis et al. 1998). Anyhow contribution of high light in 
increase of C18:2 fatty acids could indicate that light quality favoring photosynthesis 
could possibly increase concentrations of these fatty acids. Also it could be expected 
that in less favorable light conditions to fatty acid biosynthesis proportions of C18:2 and 







6 SECONDARY METABOLITES OF THE BERRIES 
 
All phenolic compounds are synthesized through the shikimic acid pathway. Phenolic 
compounds can be divided to seven classes: hydroxybenzoic acids, hydroxycinnamic 
acids, hydrolysable tannins, flavonols, flavan-3-ols, protoanthocyhanins and 
anthocyanidins (Riihinen 2005).  Phenolic compounds have various roles in plants, they 
act as cell-wall supporting materials as lignins, are plant pigments which attract 
pollinators as anthocyanins, flavones and flanovols, and are part of plants defence 
mechanism against stress conditions, such as drought (Häkkinen 2000).  
 
The phenolics are divided to two groups due analytical procedures in this study. Group 
of total phenolics will represent mostly quantification of ellagic acids and flavonols 
acids as one bunch but it must be noted that in anthocyanin producing berries, like 
cranberry and lingonberry, anthocyanins contribute approximately 15 % of total 
phenolic content (Kylli 2011). The other group comprises anthocyanins which are 







Figure 9. Biosynthesis of phenolic compounds in plants. Modified from Holton and 
Cornish (1995) and Häkkinen (2000). R = glucose in anthocyanin-3-glucosides. 
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6.1.1 Hydroxycinnamic acids, hydroxybenzoic acids and ellagic acid 
 
Hydroxycinnamic acids and hydroxybenzoic acids have common precursors in 
flavonoid pathway (Figure 9). The shikimate pathway begins from phenylalanine, 
which is converted to cinnamic acid by phenylalanine ammonia-lyase (PAL). PAL has 
been suggested to act as key enzyme in controlling the phenolic synthesis and PAL 
activity might correlate with total phenolic content overall (Cheng and Breen 1991; 
Lister et al. 1996). From cinnamic acid biosynthesis route continues either to 
hydroxybenzoic acids or can be hydroxylated by cinnamic acid 4-hydroxylase (CA4H) 
to coumaric acid. Coenzyme A (CoA) can be attached to coumaric acid by 4-coumarate-
CoA ligase (4CL) to yield coumaryl-CoA or p-coumaric acid can be hydroxylated and 
methylated further to other hydroxycinnamic acids. Effect of light quality on the 
pathway of coumaryl-CoA is presented in anthocyanin chapter as a whole.  
 
Ellagic acid is common in ellagitannins as ester of diphenic acid analogue with glucose. 
Ellagic acid content was increased with additional UV-A light treatment and phenolic 
compounds in general in a study carried out with Phyllanthus tenellus (Victõrio et al. 
2011). Hydroxycinnamic acid sinapoyl esters have been shown to have important UV-




Flavonols protective role for filtering the damaging UV-wavebands is well-established. 
Flavonols absorb radiation in both UV-A and UV-B region and protect plant cells from 
UV-induced oxidative damage by filtering the UV-spectrum and by acting as 




6.1.2.1 Biosynthesis of flavonols 
 
In the first step of flavonol biosynthesis three malonyl-CoAs from acetate pathway and 
one coumaroyl-CoA derived from phenylalanine with enzymes PAL and CA4H, are 
condensed in a reaction catalysed by chalcone synthase (CHS) to tetrahydroxychalcone 
(Figure 9). The intermediate is then transferred by chalcone isomerase (CHI) to 
naringenin. Hydroxyl group is then introduced to naringenin’s 3-position by flavanone-
3-hydroxylase (F3H) yielding dihydrokaempferol. The path of divergence lies in 
dihydrokaempferol where different enzymatic steps lead to other classes of flavonoids, 
like anthocyanins. Unlike in pathway leading to anthocyanins, the absence of enzyme 
dihydroflavonol 4-reductase (DFR), leaves the oxygen in 4-position intact. The double 
bond to dihydroflavonols 3- and 2- position is formed by oxidoreductase flavanol 
synthase (FLS) yielding flavonols. Dihydrokaempferol can be converted straight to 
kaempferol or it can be hydroxylated further by flavonoid 3’, 5’-hydroxylase (F3’5’H) 
to dihydroquercetin and dihydromyricetin which are then converted to corresponding 
flavonols by FLS, quercetin and myricetin.  
 
6.1.2.2 Effect of light quality on flavonol biosynthesis 
 
FLS and CHS gene expression and flavonol accumulation is reported to be highly 
affected by UV-B radiation in study carried out on grapevine berries by Liu (2014) and 
his co-workers. In the study treatment that excluded UV-B radiation but had UV-A 
radiation had lower yields of flavonol glycosides than treatment which received both 
UV-B and UV-A. COP1 gene expression was not affected by UV-B and UV-A 
treatment but HY5 and CHS was increased as a response to the UV-A and UV-B 
treatment, anyhow expression of HY5 was almost same in the treatment with UV-B and 
UV-A compared with only UV-A. The levels of FLS expression were almost on equal 
level in treatments which received UV-A radiation and no UV radiation at all. From the 
results of Liu’s group it can be concluded that FLS and CHS are induced through UVR8 
photoreceptors and cryptochrome activation has little effect on the increase of flavonols 
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since FLS levels remained on almost equal levels under UV-A and without. Ebisawa 
(2008) and his team reported that blue light enriched with UV-B increased FLS 
expression and quercetin content significantly on lettuce. These results are an indication 




Anthocyanins are a group of water-soluble pigments usually localized in plant cells 
vacuoles. The anthocyanin pigments are mainly responsible for the orange, red, purple 
and blue colors of plants. This subclass of flavonoids has important role in protecting 
plants from various stress factors and they also have important role in reproduction 
since they function as attractants for pollinators. Anthocyanins protect the 
photosynthetic machinery by absorbing excess photons alongside with other 
nonphotochemical quenching mechanisms (Gould 2004). Anthocyanins possess also 
great antioxidant capability and therefore act as free radical scavengers. Most common 
antocyanins are based on cyanidin, delphinidin and pelargonidin and at least 539 
different anthocyanins have been isolated from plants (Andersen and Jordheim 2006). 
Anthocyanins consist of an aglycone, called anthocyanidin which is attached to a 
glycoside moiety (Figure 10). Anthocyanidins can also form diglycosides by joining 
with additional glycoside to other hydroxy positions. Organic acids, other flavonoids 
and various aromatic groups can also be joined to the anthocyanin glycoside moiety 
(Grotewold 2006). Hydroxy groups of anthocyanins of the anthocyanidin moiety and 
glycoside can be acylated, glycosylated or methylated further (Andersen and Jordheim 
2006). Peonidin, petunidin and malvidin are formed by methylation of the aglycone 





Figure 10. Structure, numbering and nomenclature of the rings of flavonoids. 
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= OCH3. In anthocyanin-3-glycosides R
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 = O-glycoside.  
 
6.1.3.1 Anthocyanin biosynthetic pathway 
 
From the dihydroflavonols three different pathways lead to pelargonidin-3-,      
cyanidin-3-, and delphinidin-3-glucosides (Figure 9). In pathway of pelargonidin-3-
glucoside, dihydrokaempferol is reduced by DFR to leucopelargonidin which is then 
oxidized by anthocyanin synthase (ANS) and glycosylated by glycosyltransferases 
(UGTs) (Gould et al. 2009). Cyanidin-3-glycoside pathway continues from 
dihydroquercetin where the compound is reduced by dihydroflavonol 4-reductase 
(DFR) to leucocyanidin which undergoes same steps as pelargonidin-glycoside (Figure 
9). Dihydromyricetin undergoes then the same enzymatic reactions as described earlier 
to yield delphinidin-3-glucoside. Glycosylation is catalysed by glycosyltransferases, 
which use generally flavonoids as the sugar acceptors and UDP-sugars as donors 
(Yonekura-Sakakibara et al. 2009). Glycosylation by galactose, rhamnose, arabinose, 
xylose and glucuronic acid by corresponding UDP-donors are also possible. 
Glycosylation is also possible to 5-, 7-, 3’-, 4’-, 5’- positions (Figure 10).  Anthocyanin 
glycoside moieties can be acylated by anthocyanin acyltransferases (AATs) yielding 
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acylated anthocyanins (Nakayama et al. 2003). Myb-related gene family is one of the 
most important gene families controlling the anthocyanin biosynthesis gene expression 
(Kobayashi 2009). 
 
Rate limiting step enzyme of anthocyanin biosynthesis is not known, but PAL has been 
suggested earlier that PAL activity is rate limiting step of secondary metabolites derived 
from phenylalanine (Lister et al. 1996). PAL activity has been reported to be higher by 
Lister (1996) and his team than expected when compared with flavonoid accumulation 
and therefore it is not the rate limiting step compeletely. Nonetheless, PAL activity and 
anthocyanin accumulation has been reported to have a correlation in species which do 
not synthesize vast amounts of other flavonoids (Cheng and Breen 1991; Lister et al. 
1996).  
 
6.1.3.2 Acylation of anthocyanins 
 
Over 65 % of the reported anthocyanins are acylated and acylated species are also found 
in plant cell cultures (Andersen and Jordheim 2006). Anthocyanins can be acylated by 
aromatic acids or by aliphatic acids or by both. Acylation impacts the chemical 
properties and to absorption spectrum of anthocyanins. Glycosides can be acylated by 
various aromatic acids, mainly hydroxycinnamic acids and hydroxybenzoic acids which 
are bound to hydroxyl group of glycosides (Andersen and Jordheim 2006). Malonic acid 
is the most prevalent of the aliphatic acyl group. Aromatic acylation can affect the 
chemical properties of anthocyanins by making it more stable when it is possibly to be 
stacked with polyphenols, whereas aliphatic acylation can also improve the stability, 






6.1.3.3 Effect of light quality on anthocyanin biosynthesis 
 
Blue light has been reported to increase PAL, CA4H, CHS, CHI, F3H, DFR and FGT 
transcriptional factors coding enzymes in the pathways of anthocyanin and flavonol 
biosynthesis (Vandenbussche et al. 2007; Shoji et al. 2011; Kadomura-Ishkikawa et al. 
2013). Light has also been reported to have an impact on the storage of anthocyanins to 
the vacuoles by reducing count of vacuoles but increasing size of the vacuoles (Irani 
and Grotewold 2005). 
 
Increased expression of anthocyanin biosynthesis transcriptional factors is mediated by 
increased activity of the bZIP protein HY5 (Vandenbussche et al. 2007). Cryptochrome 
activation has been reported to have a decreasing effect on the COP1 activity, and 
additionally in studies carried out on COP-deficient mutants of Arabidopsis thaliana it 
was demonstrated that the COP-mutants accumulated anthocyanins almost as equally as 
without light compared to wild type under blue light (Vandenbussche et al. 2007). 
 
Cryptochrome CRY1 is the main photoreceptor mediating blue light dependent 
anthocyanin synthesis, additionally other photoreceptors, like phytochrome A, have 
inducting effects on the biosynthesis (Vandenbussche et al. 2007). Meng (2004) and his 
team demonstrated in their study that monochromatic red light alone was able to 
increase CHS expression in ray florets of Gerbera hybrida. PHY A, which has been 
activated by far-red has been to contribute to increase anthocyanin biosynthesis and the 
inducing effect is possibly mediated by the same pathway as in cryptochrome activation 
(Vandenbussch et al. 2007). The interaction between cryptochromes and PHY A or 
PHY B has been suggested to exist earlier in a review article by Jenkins (2001) and his 
co-workers and it is demonstrated in various studies, for example Heo (2012) and his 
team reported synergistic effects of blue and red light to increased PAL activity on 
lettuces when compared with treatments under monochromatic blue or red light alone. 
Light quality indeed has impact on anthocyanin biosynthesis and the responses are 
rapid. Shoji (2011) and his team reported that blue light rapidly increases PAL, CA4H 
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and 4CL in Ocimum basilicum L. when compared to white and red light. Anyhow the 
expression rates of these enzymes under white and red light exceed the expression rates 
under blue after some time and ultimately white light had the highest expression rates 
and highest phenolic concentration in the end of the experiment. This also is an 
indication of the synergistic effects of cryptochromes and phytochromes, since white 
light contains both wavebands. 
 
Cryptochromes and phytochromes may not be the only photoreceptors involved in 
activation of the anthocyanin biosynthesis pathway. Kadomura-Ishikawa (2013) and his 
team demonsrated that strawberry fruits which were overexpressing PHOT2 had 
significantly greater anthocyanin accumulation compared to PHOT2 knockout 
strawberries. The study’s result also demonstrated that monochromatic green treatment 
led to greater anthocyanin accumulation than red or white light, which could mean that 
there might be undiscovered light mediated factors which contribute to the anthocyanin 
biosynthesis pathway. 
 
Based on these studies it can be concluded that anthocyanin biosynthesis is highly 
dependable of activation of cryptochromes, and phototropins also could be involved in 
the pathway of anthocyanin biosynthesis. Hence radiation in the blue wavebands is an 
essential factor contributing to anthocyanin accumulation in plants. The anthocyanin 
biosynthesis which is activated by cryptochrome mediated inhibitory effect on COP1 is 
enhanced by phytochrome activation and these synergistic effects lead to greater 
anthocyanin accumulation. Other unknown factors might also contribute to the 
anthocyanin biosynthesis pathway, since green light has been reported to have an 






6.2 Phenolic profile of the berries in this study 
 
Majority of the phenolic compounds in plants are conjugated to sugars, organic acids or 
bound to lignin structure in cell wall. Phenolic compounds can be released from their 
conjugates by hydrolysis. In Vaccinium genus cranberry and lingonberry the dominating 
group of phenolics is flavonols but in bilberry hydroxycinnamic acids are the biggest 
group (Häkkinen 2000). Quercetin and myricetin are the most abundant flavonols in 
Vaccinium genera. Ellagic acid is present in Vaccinium genera scantly, where as Rubus 
genera it contributes as the biggest group of phenolic compounds. Flavonols are the 
smallest group of the phenolics in Rubus, consisting mainly of quercetin.  
 
High concentrations of anthocyanins are found usually in Vaccinium species. Bilberries 
contain delphinidin, cyanidin, petunidin, malvidin and peonidin glycosides (Kähkönen 
et al. 2003; Zhang et al. 2004). Glycolysation to the 3 position is the only glycolysation 
found in bilberries, and the glycoside moieties are glucoside, arabinose or galactoside. 
Over 50 % of the bilberry anthocyanin content consists of delphinidin-3-glucoside, 
cyanidin-3-arabinose, delphinidin-3-galacotoside and delphinidin-3-arabinose 
(Kähkönen et al. 2003). Cyanidin-3-galactoside is the most abundant anthocyanin found 
in lingonberries, but also cyanidin glycolysated with arabinose and glucoside are found. 
Anthocyanins found in cranberry (Vaccinium oxycoccos) are mainly peonidin and 
cyanidin glycosides (Česonienė et al. 2011). Galactose is the most common glycoside 
moiety followed by arabinose and glucose moieties.  
 
Rubus species contain generally far less anthocyanins compared if compared with 
Vaccinium species. Anthocyanins of cloudberries consist mainly of cyanidin-3-
glycosides of glucoside, rutinoside, sophoroside and 3-(2-glucosylrutinoside) moieties 
(Jaakkola et al. 2011). Anthocyanins of raspberries consists of cyanidin-3-sophoroside, 
cyanidin-3-(2-glucosylrutinoside), cyanidin-3-glucoside and cyanidin-3-rutinoside 
(Määttä-Riihinen et al. 2004; Sparzak et al. 2010). Concentrations of anthocyanins vary 
widely in raspberries, ranging from mg 76 to 277 mg per 100 g dry weight (Sparzak et 
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al. 2010). Arctic brambles contain mainly cyanidin-3-rutinoside but cyanidin-3-
glucoside is also found in far lesser concentrations (Määttä-Riihinen et al. 2004).  
 
6.3 Volatile compounds 
 
Plant volatiles consist of alkanes, alkenes, alchohols, aldehydes, ethers, esters, 
carboxylic acids and various isoprenoids (Peñuelas and Llusià 2004). The plant volatiles 
have various roles in plants, as defensive compounds, stabilizers of cell membranes, as 
antioxidants, in reproduction as attractants of pollinators and it is also part of 
mechanisms to dispose excess carbon. Naturally plants sustain a baseline level of 
volatile metabolite production (Paré and Tumlinson 1999). These metabolites are stored 
as reserve in storage organs which are released when for example leaves are 
mechanically damaged or triggered by proteins of certain herbivores.  
 
Since volatiles are vast group of plant secondary metabolites, focus will be on some 
selected common plant volatiles relevant to this thesis such as volatile phenols, benzoic 
acid, hexanol, hexenal and terpenes since they are the main constituent of volatiles 
(Figure 11). Acyl lipid derived aliphatic compounds are discussed in detail since they 




Figure 11. Three biosynthesis routes, the shikimatic pathway, the LOX-pathway and the 
mevalonate pathway (Paré and Tumlinson 1999; Schwab et al. 2008). Volatile 







6.3.1 Biosynthesis of selected volatile compounds 
 
Volatile phenols and benzoic acid are derived through phenylalanine pathway as 
described in the phenolic chapter. Benzoid volatile formation has been observed to 
follow common transcriptional control of shikimate pathway (Vogt 2010). Terpenes are 
synthesized from isopentely pyrophosphate by either mevalonate pathway or directly 
from glycolysis products glycerald-3-phosphate and pyruvate (Figure 11). Fatty 
acid/lipoxygenase (LOX) pathway derives variety of aliphatic volatile alcohols, 
aldehydes, methylketones, esters, lactones and acids (Figure 11). One branch of the 
LOX-pathway begins from the point where acyl hydrolase releases free fatty acids from 
acylglycerols (Schwab et al. 2008). Lipoxygenases are a family of lipid oxygenating 
enzymes, each of them having own specificity of carbon which is oxidized in the fatty 
acids. Oxygenation products are then split by hydroperoxide lyase (HPL) to ω-oxo 
acids, 6- and 9-carbon aldehydes. In the next step formed aldehydes are transferred to 
alcohols by alcohol dehydrogenase (ADH). In the other branch of the LOX-pathway 
free fatty acids are degraded by α- and β-oxidation, but the whole pathway is not fully 
discovered. Carboxylic acids are synthesized by this biosynthesis route by repeated 
cycles of β-oxidation which is coupled with acetyl-CoA hydrolase. 
 
6.3.2 Volatile compounds in callus cultures 
 
Callus cell cultures are induced by damage to the plant organs, therefore it can be 
possible that callus cultures exhibit volatiles to larger extend or at least exhibit maybe 
higher enzymatic activities which degrade compounds to be used in volatile 
biosynthesis as defensive mechanism. 
 
Williams (1998) and his team reported in study carried out on Olea europaea callus 
cultures that the calli produced the same volatile compounds as their elite mother plants 
and the LOX-pathway was also confirmed to be found in the Olea europaea callus 
cultures. Callus cultures of oranges have been reported to produce at least 10 volatile 
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compounds of which are also present in orange juice and in peel essential oil (Niedz et 
al. 1997). From these results similar volatiles are expected to be found from callus 
cultures, since at least LOX-pathway has been detected in cell cultures.  
 
6.3.3 Effect of light quality on volatile biosynthesis 
 
Volatile compounds of flowers and fruits can be altered by different wavelength 
treatments but interspecific conclusions of factors mediating the volatile emissions can 
not be drawn (Colquhoun et al. 2012). In blueberry fruits, which are a member of 
Vaccinium genera, far-red light induced hexenal emission when compared with red, 
blue and white treatments. Levels of trans-2-hexanal were not affected and 1-hexanol 
and trans-2-hexen-1-ol were decreased by blue and far-red treatment.  
 
6.3.4 Volatile compounds of Vaccinium genera 
 
Bilberry volatiles are well characterized: at least 120 volatile compounds have been 
identified (Maarse 1991). Of the volatile compounds found in bilberries 36 are alcohols, 
28 aldehydes, 19 esters, 18 hydrocarbons and some ketones, phenols, furans, ethers and 
oxides. The volatiles of bilberries consist mainly of seven compounds: 2-hexanenone, 
(Z)-3-hexenal, (E)-2-hexenal, ethyl-3-methylbutanoate, (E)-2-hexenylacetate, 1,8-
cineole and (Z)-3-hexenylacetate (Rohloff et al. 2009). 
 
At least 94 volatile compounds have been identified from lingonberries (Maarse 1991). 
Benzoic acid is the most abundant volatile compound and with 2-methylbutanoic acid it 
is responsible for the characheristic lingonberry aroma. Other major volatiles found in 




70 compounds have been identified in the volatile fraction of cranberry. In juice of 
Vaccinium macrocarpon the major volatile compounds were benzalhdehyde, benzyl 
alcohol, benzyl benzoeate, α-terpineol and benzoic acid which concentrations were the 
highest (Croteau and Fagerson 1968). The volatile concencrations of Oxycoccos 
microcarpum are 4-5 times higher than in macrocarpon (Maarse 1991). 
 
6.3.5 Volatile compounds of Rubus genera 
 
Arctic brambles contain over 200 volatile compounds (Maarse 1991). Characteristic 
compounds of arctic brambles are acetaldehyde, ethyl acetate and acetic acid. Alcohols 
contribute as the biggest group of the volatile fraction with over 30 % of volatiles being 
alcohols.  
 
Cloudberries contain at least 81 volatile compounds. Acetic acid, methyl benzoate, 
butanoic acid, ethyl benzoate, benzyl alcohol, methyl-11-hexadecenoate, benzoic acid, 
dodecanoic acid, ethyl 9,12-octadienoate and hexadecanoic acid are the most abundant 
found in cloudberries compounds (Manninen and Kallio 1997).  
 
Acetoin, acetic acid, hexanoic acid, benzyl alcohol and α-ionol are the major volatile 
compounds found in raspberries (Vrhovsek et al. 2014). The volatile fraction varies 
widely between the raspberry varieties (Maarse 1991). In wild raspberry volatile 









Plants and plant cell cultures are used to produce various phytochemicals and 
recombinant proteins. Production of the desired compounds in plants has various 
problems. The problems in plants used for production of desired compounds can be 
overcome by using plant cell culture technology. Plant cell cultures face problems in 
production of desired metabolites. Various strategies have evolved to enhance yields, 
such as optimization of light quality to favor the growth and to increase accumulation of 
the desired compounds. LED technology offers a possibility to define light quality 
which is favorable for growth and secondary metabolite production.Obtaining 
information about different wavebands effect on growth and on secondary metabolism 
of plants and plant cell cultures is essential part of light quality optimization and it act 
as instrument for the studies of plants biochemical processes. 
 
Plant cell cultures contain the same genetic information as their elite mother plants. 
Some plant cell lines bear photosynthetic capacity therefore it is possible to study 
effects of different illuminations waveband compositions effect in these systems along 
with effects to primary and secondary metabolism. In this study seven different cell 
cultures induced from Finnish berries are used to study the effect of light quality on 
mass pigment accumulation, lipid composition and secondary metabolism. 
 
Plants are able to sense different wavebands with photoreceptors which control the 
biochemical processes in plants which provides for the changes in energy utilization, 
primary metabolism and secondary metabolism which are needed for adaptation to the 
current environmental conditions. Responses to different wavebands of light are 
mediated by three classes of photoreceptors: blue/UV-A photoreceptors, phytochromes 
and UVR8 photoreceptors. Cryptochromes and phototropins are Blue/UV-A 
photoreceptors are photoreceptors which are activated by wavebands in blue and UV-A 
region. Activated cryptochromes reduce the activity of COP1, which degrades various 
transcription factors such as bZIP protein HY5. Phototropins are involved in adaptation 
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to prevailing light conditions. Phytochromes are photoreceptors which possibly control 
gene-expression selectively, either as kinases or by having multiple reaction sites. 
Phytochromes are activated by red wavebands and converted back to inactive form by 
far-red. Activated phytochromes enhance the cryptochrome mediated responses in 
plants. UVR8 photoreceptors are UV-B photoreceptors which are also involved in 
COP1 signalling and have an important role in mediating UV-B protective responses. 
 
Plants harvest energy from light with mass pigments and harvested energy is stored as 
chemical energy in form of sugars. Energy is absorbed efficiently by antenna complexes 
and transferred to the reaction centers in the photosystems to run photosynthesis. The 
accumulation of the pigments in antenna complexes is controlled by photoreceptors. 
The components of antenna complexes are chlorophyll b, chlorophyll a, β-carotene and 
lutein with characteristic absorption properties. Carotenoid components of the antenna 
complexes, β-carotene and lutein, serve to increase efficiency of light harvesting, 
quench excess excitation energy and neutralize reactive oxygen species which are 
formed if chlorophylls absorb excess photons. Violaxanthin cycle is an essential 
mechanism which controls delivery of excitation energy to the reaction centers and 
protect thylakoid membranes from photo-oxidative damage.  
 
Four fatty acids (C16:0, C18:1, C18:2 and C18:3), mainly found in plant cell 
membranes, are the most abundant fatty acids in plants. Major regulatory enzyme of 
fatty acid synthesis is ACCase, which activity is increased by light. Light can have an 
impact on certain fatty acid desaturases in plants but the whole picture is not yet fully 
established. 
 
Phenolic compounds serving as antioxidants and absorbing excess photons, especially 
flavonols and anthocyanins, are mechanisms for protecting the plant from the harmful 
effects of excess absorption of photons. HY5 is an essential element which induces 
transcription of certain enzymes involved in the phenolic compound synthesis. 
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Activation of cryptochromes increases the activity of HY5 by reducing COP1 mediated 
inhibitory effects on HY5. Activation of phytochrome is additional input to 
cryptochrome mediated responses which lead to greater accumulation of the phenolic 
compounds. Involment of phototropin photoreceptors is still unclear and it might also 
contribute to the biosynthesis of anthocyanins.  
 
Plant volatiles are a vast group of compounds. In the berries used in this study, the most 
abundant volatile compounds are volatile phenols, benzoic acid and compounds derived 
by LOX-pathway. Light has an impact on volatile biosynthesis but the effect of light 
quality is not yet established.  
 
Results from this thesis can be used as aid to define more efficient waveband 
compositions to both plants and plant cell cultures and results provide information of 
wavebands that are optimal for secondary metabolite accumulation. The results 
additionally provide information about biochemical processes in plant of plant cell 
cultures, confirm the exact cause and effect relationship between light quality and 
photoreceptor mediated responses and provide information of secondary metabolites of 
















Detailed information on used equipment, standards and chemicals are listed in 




Four different LED lights were obtained from Valoya for the studies. G2 and AP67 
were rated 20 W and G13 and AP673L were rated 100 W.  
 
Table 2. Parameters of the light sources. CRY=Cryptochrome effective irradiance. 
Pr:P=Phytochrome photoequilimbrium. R:FR=(650—670 nm)/(720—740 nm). 
B:G=(420—490 nm)/(500—570 nm). 
Model CRY Pr:P B:G R:FR 
G2 0,18 0,75 26,40 3,04 
AP67 0,24 0,76 0,79 3,22 
G13 2,03 0,80 8,07 6,18 
AP673L 1,84 0,81 2,09 6,14 
 
 
G2 lamp is dominant in red and far-red spectrum emitting only approximately 10 % of 
output in range of 400‒600 nm (Figure 12). The spectrum lacks green almost 
completely and therefore it has the highest B:G ratio. G2 is suitable for studying 
phytochrome mediated effects in calli, since it has the highest portion of far-red of the 
four light spectra, lowest R:FR ratio and lowest CRY (Table 2).  
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AP67 has a lower proportion of far-red compared with G2 (Figure 12). The portion of 
far-red is substituted with increased portions of radiation in 500‒600 nm but maintains 
similar R:FR ratio. Effects of green light can be seen studied with this spectrum. B:G 
ratio is the lowest of the lamps and due to small portion of blue wavelengths, CRY is 
low as well. 
 
G13 contains the most blue in spectral output and has highest CRY (Table 2). Therefore 
in this model cryptochrome mediated effects are probably seen the best. Spectral output 
favours also phytochrome activation by the small portion of far-red, hence high Pr:P. 
Green is almost absent in the output, but the portion of orange is higher than in G2 and 
AP67. 
 
AP673L is similar to G13 by means of red and far-red output but with lower portions of 
blue wavelengths (Figure 12). The blue output is replaced with increased green and 
orange wavebands. Since output is almost comparable with G13, this spectrum provides 
































G2 4,9 3,9 0,2 2,3 26,0 39,4 18,2 5,2 
AP67 3,5 3,9 6,5 11,1 26,4 30,9 13,8 3,9 
G13 10,6 7,0 0,7 13,5 37,4 22,6 6,6 1,6 
AP673L 7,1 4,8 3,4 15,7 37,9 22,8 6,6 1,6 
Figure 12. Circle model and percentage representation of wavelength composition of 
the light sources used in this study. 
 
8.2 Calli used in this study 
 
Callus cultures of bilberry, lingonberry, cranberry, arctic bramble, cloudberry and 
raspberry were used in this study (Table 3). Two different lines of arctic bramble were 
obtained and they are labelled as arctic bramble “15” and arctic bramble “7AB”. In total 
in this study 7 different by genus- or linewise callus cultures were used. The cultures 
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had been previously established at VTT and were subcultured in a growth room in 
stable temperature (approximately 22.5 ˚C) under white light with approximately 50 
μmol·m-2·s-1 light output and 16/8 photoperiod. Lids of petri dishes were sealed with 
Parafilm™ but dishes of arctic bramble were sealed with breathable material 
(Micropore™). 
 
Table 3. Callus cultures used in this study, visual appearance during subculturing, 
growth speed and growth media. WP: Woody Plant, MS: Murashige&Skoog. 











Bilberry KAS443 Friable and sometimes 
damp, bright red to 
brown, moderate 
biomass gain 
Moderate 600 WP 
Lingonberry KAS377 1-9(5) Friable, bright red, fast 
biomass gain 
Fast 600 WP 
Cranberry KAS339 10(3) Rigid structure, pale 
red and various 
colorations 
Slow 600 WP 
Arctic 
bramble 
KAS341/7AB Very friable, yellow to 
dull yellow 
Moderate 301 MS 
Arctic 
bramble 
KAS341/15 Damp, red to dull red Slow 301 MS 
Cloudberry KAS371/2 Very friable, bright 
yellow to dull yellow 
Fast 300 MS 
Raspberry KAS326/1 Friable, green Moderate 300 MS 
 
8.3 Growth media 
 
Three different growth media were used according to requirements for optimal cell 
growth. 600 WP is a growth medium for woody plants. The amino acids, macro and 
micro nutrients are based on McCown Woody Plant composition reference. 600 WP 
contains 30 g/l of sucrose as carbon source and agar was used as solidifier. Other details 




Compositions of 300 and 301 growth media are the same only differing in pH (Table 4). 
Micro- and macro nutrients of the media are according to Murashige&Skoog reference 
composition. Media contain sucrose 30 g/l but in addition amino acids are added to the 
media. Gelrite was used as solidifier in both media. 
 




Basis Solidificator Carbon 
source 
pH Auxin Cytokinin 


























9 TEST CONDITIONS 
 
9.1 Establishing the test conditions 
 
Test conditions were established in the indoor greenhouse at VTT Otaniemi, Espoo in 
Southern Finland. A two level shelf that was used earlier for plant cultivation was 
modified to fullfill the needs of this study. Test areas on same level were isolated from 
each other by using black and white plastic sheeting. Black and white sheets were used 
so that the white side was towards the test conditions for reflecting the light. Each plane 
of shelf was also covered with the same plastic sheet white side upwards. Light 
intensities in every section were set to 50 μmol·m-2·s-1 by using Jaz spectrometer by 
Ocean Optics. Dark control sections were formed in the sections between longitudinal 
axis of the shelves between light treatment areas. A diagram of the setup is shown in 
Figure 13. Whole shelf was then covered with black and white plastic sheets to prevent 
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the light from entering the greenhouse lamps to the test conditions. Captions of the 
establishment of test conditions and finished setup are shown in APPENDIX 2. Ends of 
this construction were left open to keep air circulating inside and to keep the 
temperatures at lower levels.  
 
 
Figure 13. Test conditions. Dashed circles represent ideal locations for petri dishes in 
test conditions. Extended horizontal area between two zones is non-lit control area. In 
upper shelf section A is AP67, B is G2, C is G2 and D is AP67. In lower shelf A is 
AP673L, B is G13, C is G13 and D is AP673L. Fans were located in the outer ends of A 
and C areas in the upper shelf. 
 
To study the suitability of test conditions for callus cultures, well established callus 
cultures of each species were placed on the upper shelf under G2-lighting for few 
weeks. Blank sealed dishes containing only growth medium were also placed in every 
section to observe possible condensation of water at the inner lid of petri dishes. 
 
Indeed the structure that was build was covered with plastic sheeting and LED-lamps 
generate heat temperature variations could be considerable during lit and non-lit 
periods. Main cause for the condensation of water was result of differences in 
temperatures in the greenhouse between lit and non-lit periods which resulted in 
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condensation of water that eventually led to small water droplets to inner part of petri 
dishes cover. This could cause excess moist conditions for calli and also possible 
variability for metabolism along different light treatments. In overall calli placed under 
G2 handled short treatment well but some unwanted separation of water by 
condensation from solid growth media was observed in calli and blank petri dishes. 
 
Later when experiment began for improving the air flow and to minimize the 
temperature variation between upper and lower shelves, a cut was made to top of the 
plastic sheeting and two table fans were placed to upper shelf. Fans were connected to 
the same power source and timer as the lights therefore they were running only when 
lights were on. Since black side of the sheeting was outwards to the greenhouse it was 
absorbing light and therefore creating additional heat, additional piece of black and 
white plastic sheeting was then attached to outer sheeting white side outwards to reduce 
heat that would be otherwise generated from radiation of SPNA lamps of the 
greenhouse. This resulted in a satisfactory result to the problem described above. 
Temperatures could credit almost as same as in the in-house greenhouse in total overall 





10.1 Generating callus cultures 
 
Two petri dishes of well-established lingonberry, bilberry, cranberry and one of 
cloudberry and raspberry and individual petri dishes of arctic bramble lines were the 
starting material for this study. 16 petri dishes of each species and sub lines were 
needed for the designed study setup. One callus was split in to 1-4 new clumps to a 
plain petri dish with growth media with pattern (Figure 14). Only viable and colorful 
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calli were selected for generating new cultures. The best looking parts usually from the 
perimeters were collected with tweezers. Growing the subcultured calli was carried out 
in in-doors growth room. 
 
While generating the material, sub culturing dates were recorded and individual growth 
rates studied. Based on this data treatment period was decided to be at least 28 days for 
every callus used in this study. Sub culturing in growth room was shorter than total 
treatment period in general. Plan for sub culturing was also decided. Plan was at starting 
point to first generate three petri dishes of well-established callus cultures. From these 
three, six was subcultured to 12 and from these 12 sub cultures four was used as dark 
control. The remaining eight were then sub cultured to 16, placed in to the test 











10.2 Introducing the material to the test conditions and schedule 
 
The petri dishes of fresh sub cultures were kept overnight in growth room prior placing 
them to the test conditions. Photoperiod in the test conditions was 16 hours of light and 
8 hours of darkness. Schedule for introducing the material to the test conditions is 
shown in Table 5. Petri dishes were first planned to be placed evenly to the eight areas 
created but after few days petri dishes in the upper shelf areas B and D (Figure 13) were 
moved to areas A and C closer to the fans to further decrease the temperature related 
water condensation problem. Materials that were going to SPME analyses were hold in 
the same areas and these calli were introduced to test conditions on 11.12.2013 and 
collected on 8.1.2014. From the SPME sets a couple of the cultures were contaminated 
with mold and therefore they were discarded. New subcultures were generated from 
backup calli of the discarded ones and these were introduced to the test conditions on 
13.1.2014 and collected on 13.2.2014. 
 

















11.10.2013 8.11.2013 28 29.10.2013 26.11.2013 28 
Bilberry 
KAS443 












7.11.2013 9.12.2013 32 22.11.2013 23.12.2013 31 
Cloudberry 
KAS371/2 
18.10.2013 15.11.2013 28 25.10.2013 22.11.2013 28 
Raspberry 
KAS326/1 




10.3 Inspecting calli by microscope 
 
After 28-32 days of light treatments test material was collected. All dishes were 
inspected individually and alterations to the earlier observed appearance were sought. 
From each species and treatment one dish that had most typical appearance was then 
photographed by using microscope at two distances. One distance setting was with 
smallest magnification and other one was set so that one individual callus would be seen 
as full.  
 
10.4 Establishing second generation callus lines 
 
From the dishes that were opened for inspecting second generation callus line was 
established for possible additional studies. Since these petri dishes had been in 
contaminant rich environment extra precautions were carried out when working with 
this material. New callus cultures were taken back to test conditions on the same day 
they were established.  
 
10.5 Collecting and weighting calli 
 
Right after establishing second generation callus line calli was completed rest of petri 
dishes were opened carefully so that possible water droplets in lids did not drop to calli 
and cause excess mass to weighting. From each species four petri dishes received same 
treatment so in total at major collecting events there were at least 16 petri dishes. It was 
decided that samples will be pooled so that calli were collected to one or two of the sets 
petri dishes lid which had corresponding treatment and specie markings on it to avoid 
accidentally mixing of material that was collected at the same time. Lid was dried 
carefully with paper towel before placing any material to it if it had water drops on the 
surface. Problems were encountered in collecting the calli from test conditions after 
longer period of time; calli tend to adsorb growth media therefore clean pieces of calli 
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were impossible to collect from every species and treatment. Clumps of some species 
callus were also extremely fragile and impossible to collect as whole. Collecting and 
cleaning calli from excess growth media was carried out by using curved tweezers and 
spatula. Total biomass generated could not be recorded reliably because of the problems 
described above and hence biomass gain is not discussed in results. Collected calli were 
then moved to plastic tubes the weights of which were recorded as empty and with 
callus. Recorded weights on collection and dry weights are listed in APPENDIX 4.  
 
10.6 Sample handling and storage 
 
N2-atmosphere was introduced to the test tubes which contained collected callus prior to 
storing them in freezer (-18 ˚C). Samples were stored in freezer for at least 12 hours 
before freeze-drying. Freeze-dryer was set to 0.20 mbar and samples were dried for 48-
72 hours depending on sample size. After freeze-drying was complete the calli were 
moved back to freezer where they remained until powder milling. 
  
10.7 Total phenolic content 
 
Method was obtained and modified from VTT’s in-house analytical method (VTT-
5555-95) that is aimed for quantification of total phenolic content as gallic acid 
equivalent (GAE) of vegetables, berries, certain cereals and tablets. 
 
10.7.1 Principles of the analysis 
 
Folin-Ciocalteu’s reagents for oxidizes phenolic compounds forming bluish molybdene-
volfram complexes which can be used for spectrophotometric quantification. The 
complexes have increasing absorptivity from approximately 410 nm to 770 nm. 





For spectroscopic measurements temperature was set to 22.4 °C for samples by CPS-
controller. Before reading absorbance from standards or samples instruments baseline 
was zeroed at 700‒800 nm range. Blank sample was 100 µl HPLC-grade methanol 
which received the same treatment. 
 
10.7.3 Quantification with standard curve 
 
A solution containing 1 mg/ml of gallic acid was prepared by measuring 60.1 mg of 
gallic acid and diluting it to 60.1 ml with methanol. From this solution 10 ml was taken 
and diluted to 100 ml with methanol and from this solution different concentrations 
were made for standard curve.  
 
Standard curve for quantification was obtained by using different concentrations of 
gallic acid and those were processed in same manner as diluted extract as described in 
sample preparation. Concentrations were analysed in triplicate (gallic acid 
concentrations from 10 mg/l, 20 mg/l, 30 mg/l, 40 mg/l, 60 mg/l, 80 mg/l, 100 mg/l, 125 
mg/l and 150 mg/l). Results of these measurements indicated that calibration curve loses 
its linearity at concetrations under 20 mg/l and over 100 mg/l. From results of earlier 
experiments with spectrophotometer it was observed that standard curve loses its 
linearity approximately at concentration of 25 mg/l. This can be regarded as limit of 
detection for this assay. Higher concentrations (125 mg/l and 150 mg/l) were also 
carried out at this point to discover the upper limit of detection which was observed to 
be between 100-125 mg/l concentration range. Based on this, concentration values 20-




10.7.4 Extraction of phenolic compounds 
 
Extraction procedure was done by weighting about 25 mg processed callus to 2 ml 
Eppendorf tubes. Since samples phenolic concentrations can widely vary, a compromise 
was done by using this mass for samples basing on knowledge from preliminary 
analyses. If extracts total phenolic compounds content exceed the capability of 
spectroscopic detection (20-100 mg/l) in first dilution then dilution would be carried 
further systemically to achieve quantificable concentrations.  
 
1.8 ml methanol was added to each sample and samples were vortexed for few seconds 
before placing them in sonic bath for 10 minutes. Samples were then again vortexed and 
centrifuged at 13 000 r·min
−1
 for 5 minutes. Samples were stored at room temperature 
while analysis was done. 
 
For quantification 100 µl of extract’s supernatant was added to 2 ml Eppendorf tube and 
900 µl HPLC-grade methanol was added to obtain first dilution. From first dilution 100 
µl was added along with equal amount of HPLC-grade methanol to 2 ml Eppendorf tube 
which was used for absorbance readings. To these samples 100 µl 2 M Folin-
Ciocalteu’s phenolic reagent was added followed with addition of 700 µl of 20 % (m/m) 
Na2CO3-solution. Samples were then vortexed and centrifuged at 13 000 r·min
−1
 for 5 
minutes and left to darkness for 20 minutes. 950 µl of bluish supernatant was then 
inserted to Sarstedt polystryrol/polystyrene cuvettes for absorbance readings.   
 
From seven samples lingonberry, cranberry and bilberry gave suitable readings with 1 
to 10 dilutions. Other samples were re-ran without dilution as described above and all 




10.8 Anthocyanins and anthocyanidins 
 
The routine analysis for anthocyanin extraction in VTT was used for freeze-dried plant 
material. Gradient run used in this analysis was developed in VTT and it is widely used 
for analyses of phenolic compounds. However extraction method was modified by 
replacing methanol acidified with HCl with methanol containing 1 % acetic acid which 
can decrease degradation of anthocyanins if samples would need concentrating. 
  
10.8.1 Principles of analyses and measurements 
 
Extracts made of freeze-dried berry callus cultures were analyzed with UPLC-DAD. 
Injection volume is 2 µl for standard compounds and extracts. Run program is a 
gradient run with two solvents, purified water containing 5 % formic acid as solvent A 
and pure acetonitrile as solvent B. Gradient of the analyses is shown in Table 6. One run 
takes 11 minutes and after that initial gradient is held for two minutes before next 
injection. Column temperature is set to 25 ˚C and autosampler chamber is set to 10 ˚C. 
No internal standard suitable for anthocyanins was found. Morin was added as internal 
standard if flavonols were studied later from the samples. UPLC-DAD was connected to 
PC with Empower which was used for data handling. Processing, reporting and 
exporting methods were created for the results.  
 
Table 6. Gradient run of the anthocyanin analyses. 
 Time Flow rate (ml/min) % A % B Curve 
1 Initial 0.43 95 5 Initial 
2 1.13 0.43 90 10 6 
3 5.67 0.43 60 40 6 
4 9.00 0.43 10 90 6 





Detector takes readings at range of wavelength 210-600 nm and absorbance data is 
taken every 1.2 nm. Chromatogram is created by using 520 nm that is specific for 
anthocyanins. Pure compounds for standard curves and qualification were cyanidin-3-
glucoside, delphinidin chloride, pelargonidin chloride and cyanidin chloride. Standard 
curves for quantification are made by pure compounds with suitable concentration 
ranges. Data from standard curve runs are also used to obtain spectra and retention 
times for compounds to be quantified (APPENDIX 8).  
 
Hydrolysis with HCl was carried out on all samples and hydrolyzed samples were 
analyzed to obtain information of anthocyanins aglycones. 
 
10.8.2 Identification of anthocyanins and anthocyanidins 
 
From standard compounds presented earlier, retention times and absorption data was 
used for compound identification. Spectral data and retention times of standard 
compounds are shown in APPENDIX 8.  
 
Additional information about anthocyanidin content of samples was obtained by 
carrying out hydrolysis and proposals for the samples aglycone moieties are based on 
retention order (Table 7). Anthocyanidins have 6-12 nm larger absorption maxima in 
visible range than their glycolysated form (Takeoka and Dao 2002). Cyanidin-3-
glucoside has absorption maxima between 520‒526 nm. If this value is compared with 
absorption of cyanidin-3-glucoside standard, it can be concluded that absorption 
maxima in the solvent used in this analysis are lower. Delphinidin, malvidin and 
petunidin glycosides have absorption maxima in 532 to 537 nm (Takeoka and Dao 
2002). Hence anthocyanidins of these have absorption maxima in minimum range of 
538‒543 nm or less if similar decrease of absorption is taken to account as with 
cyanidin-3-glucoside. Pelargonidin derivates have absorption maximum of 512 nm 
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(Takeoka and Dao 2002). Hence pelargonidin aglycone is at least 518 nm and probably 
slightly less due to different solvent.  
 
Table 7. Anthocyanin and anthocyanidins in retention order and their retention times 
and absorption maxima. Retention order of anthocyanidins according to Zhang et al. 
(2004).  
Anthocyanin/anthocyanidin Retention time λmax (standard) 
Cyanidin-3-glucoside 2.79-2.83 279, 516 
Delphinidin 3.12-3.17 273, 532 
Cyanidin 3.64-3.71 275, 526 
Pelargonidin 4.12-4.19 267, 512 
Petunidin - - 
Peonidin - - 
Malvidin - - 
 
10.8.3 Prepairing calibration curves and qualification of compounds 
 
Stock solutions of cyanidin-3-glucoside, delphinidin chloride, pelargonidin chloride and 
cyanidin chloride were made to concentration of 1 mg/ml by methanol. All standard 
stock solutions were stored in freezer at -18 ˚C in glass bottles with sealed Teflon cap.  
 
Calibration curves were made as duplicate from each concentration point and they were 
run with the gradient program once to obtain retention times for compounds and areas 
for corresponding concentrations. Calibration curve for cyanidin-3-glucoside was 
obtained by using concentrations of 10 µg/ml, 25 µg/ml, 50 µg/ml, 100 µg/ml, 150 
µg/ml and 200 µg/ml. Pelargonidin chloride’s standard curve was created with 
concentrations of 1 µg/ml, 5 µg/ml, 10 µg/ml and 20 µg/ml. Delphinidin chloride’s 
concentrations were 1 µg/ml, 5 µg/ml, 10 µg/ml, 20 µg/ml and 50 µg/ml. For cyanidin 
chloride concentrations were 7,5 µg/ml, 15 µg/ml, 30 µg/ml, 50 µg/ml and 60 µg/ml. 
Calibration curves and equations which were used for quantifications is shown in 
APPENDIX 12.  
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Quantification was done by using cyanidin-3-glucosides calibration curve on all 
anthocyanins, hence results are expressed as cyanidin-3-glucoside equivalents where 
applicable. Anthocyanidins from hydrolysis were calculated by using standard curve of 
cyanidin on unknown compounds which are presented as cyanidin equivalents. 
Delphinidin and cyanidin were quantified with their individual calibration curves.  
 
10.8.4 Extraction of anthocyanins and anthocyanidins and hydrolysis 
 
Excraction followed the same principles as excraction of phenolic compounds, only 
differences were that freeze dried callus weighted approximately 50 mg and instead of 
pure methanol extraction was carried out with methanol containing 1 % acetic acid and 
volume was 1.78 ml. 20 µl morin (1 mg/ml) was added as internal standard in case 
flavonols would be studied.  
 
From the extracts 0.5 ml supernatant was filtered with 0.22 µm filters to UPLC vials for 
analyses. Another 0.5 ml was taken from extract to vials that could be capped and 
sealed for hydrolysis. Hydrolysis of the samples was carried out by adding 0.5 ml 1 M 
HCl and heated overnight for 17 hours at 50 ˚C and then 1 hour at 90 ˚C and chilled in a 
waterbath. Samples were then dried in N2-flow at 40 ˚C and made to 1 ml volume with 
UPLC-grade methanol and then filtered with 0.22 µm filters to new vials. 
 
10.9 Acetone soluble plant pigments 
 
Major photosynthetic pigments that were identified and qualified were lutein, 
chlorophyll a and b and β-carotenoid. Protocol was based on HPLC method published 
by Garcia-Plazaloa and Esteban (2013) and converted to UPLC with Acquity UPLC 
Columns Calculator. Comparison of the HPLC run and calculated UPLC run is shown 
in Table 8.   
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Table 8. Comparision analysis of major photosynthetic pigments by HPLC and UPLC. 
Solvent usage was calculated by Agilent Solvent Consumption Calculator. *Gradient 




Run time 25 minutes 3.45 minutes 
Injection volume 15 µl 2 µl 
Flow rate 1.2 ml/min 0.59 ml/min 
Solvent A used 15.1 ml 0.8 ml 
Solvent B used 14.9 ml 1.2 ml 
 
Obtaining same column described in the publication (partially end-capped Spherisorb 
ODS-1 C18 reversed phase column) was not possible. Preliminary runs from 
experimental extractions were carried out with the available column; proprietary end 
capped UPLC BEH C18.  
 
Extraction of the pigments was carried out by extracting with acetone containing 1 % 
saturated MgCO3-solution. Standards for quantification and qualification for this 
analysis were lutein and chlorophyll b. Astaxanthin was found to be suitable internal 
standard in this analysis. 
 
10.9.1 Principles of the analysis and measurements 
 
Analysis was carried out with UPLC-DAD and injection volumes were 2 µl for 
standards and samples. Two runs were carried out on each sample simultaneously and 
blank runs were found unnecessary between samples since it was noticed in preliminary 
runs that no detectable amounts of compounds remained in the analytical instruments. 
 
Run program was gradient run with two solvents (Table 9). Solvent A was mixture of 
acetonitrile, methanol and Tris buffer (0.1 M pH 8) by ratio of 84:2:14. Solvent B was 
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mixture of methanol and ethyl acetate as 68:32. Mg
2+
 in chlorophylls porphyrin is 
readily substituted with hydrogen in acidic conditions, therefore solvent A is buffered to 
pH 8. 
 
Table 9. Gradient table of the plant pigment analyses. 
 Time Flow rate 
(ml/min) 
% A % B Curve 
1 Initial 0.59 100 0 Initial 
2 0.1 0.59 100 0 6 
3 2.10 0.59 0 100 6 
4 3.10 0.59 0 100 6 
5 3.30 0.59 100 0 6 
6 3.45 0.59 100 0 6 
 
Column temperature is set to 25 ˚C and sample chamber temperature is set to 10 ˚C. 
Detector was set to take readings in 250‒750 nm range. Absorbance data was collected 
every 1.2 nm. Chromatograms were created at 445 nm. 
 
Qualification is accomplished by obtaining retention times from standard solutions and 
compairing spectra and from these specifically spectral maxima (Table 10). Exact 
spectra of standard compounds are shown in APPENDIX 9.  
 
In literature it is said that chlorophyll a and b are readily degradable compounds and 
special precautions should be taken into account when working with samples containing 
these compounds. Photolysis and acid treatment of chlorophyll b was carried out and 
these were run with method described above. Data was compared with data from 
preliminary runs, which were carried out earlier to see whether conversion from HPLC 
to UPLC was successful (APPENDIX 9). Results indicated that there was no need to 
carry out extraction or any sample handling in lightless conditions and chlorophylls did 
not degrade critically.   
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10.9.2 Identification of acetone soluble plant pigments 
 
Retention times from standards and absorption maxima were used for compound 
identification (Table 10). Components of xanthophyll cycle are identified with only 
retention order and absorption maxima.  
 
Table 10. Retention times, expected retention order and absorption maxima of 
photosynthetic pigments and components of xanthophyll cycle from own results and 
Garcia-Plazaola and Esteban (2013). Astaxanthin* absorption maxima (light petroleum 
as solvent) from book: Methods of Analysis for Functional Foods and Nutraceuticals 
(2002). 
Compound Rt (min) λmax (nm) from 
standards 
λmax (nm) from 
literature 
Astaxanthin (IS) 1.66 477 468* 
Violaxanthin - - 441, 471 
Antheraxanthin - - 446, 476 
Lutein 1.95 447, 475 446, 476 
Zeaxanthin - - 451, 481 
Chlorophyll b 2.89 467, 651 469, 656 
Chlorophyll a 3.07 433, 664 435, 666 
α-carotene - - 446, 471 
β-carotene 3.62 452, 479 451, 480 
 
The absorption maxima of astaxanthin is different in literature since a more polar 
solvent is used in standards which leads to higher absorption maxima and also to lesser 
intensities and specifities of the absorption peaks (Table 10).  
 
10.9.3 Prepairing calibration curves for photosynthetic pigments 
 
Initial calibration curves ranges were decided after inspecting results of couple of test 
extractions and supplemented after analysis of all samples was carried out. The final 
concentrations were made as duplicate which applied for sample quantification. 
Concentrations for lutein were 1 µg/ml, 5 µg/ml and 10 µg/ml. For chlorophyll b 
concentrations were 1 µg/ml, 5 µg/ml, 10 µg/ml, 15 µg/ml, 20 µg/ml, 30 µg/ml and 60 
66 
 
µg/ml. β-carotenes concentrations were 1 µg/ml, 2.5 µg/ml, 5 µg/ml and 10 µg/ml. 
Calibration curves are presented in APPENDIX 12.  
 
Chlorophyll a was calculated by using calibration curve of chlorophyll b. Components 
of xanthophyll cycle could be calculated by using lutein’s calibration curve if needed. 
 
10.9.4 Extraction of photosynthetic pigments 
 
About 50 mg of freeze dried callus was weighted to 2 ml Eppendorf tubes. Extraction of 
photosynthetic pigments began by adding 1.80 ml of acetone containing 1 % saturated 
MgCO3-solution and adding 20 µl of 0.1 mg/ml of astaxanthin as internal standard. 
Samples were sonicated for 10 minutes and vortexed before and after this procedure. 
After sonication samples were centrifuged at 13 000 r·min
−1
 for 5 minutes. 1 ml of 
supernatant was then collected and filtered through 0.22 µm filters to vials for analyses. 
Special attention was paid that vials caps were closed before placing them in to the 
sample chamber since acetone is readily volatile solvent.  
 
10.10  Lipids 
 
This study concentrated on qualification and quantification of fatty acids and 
glycerolipids by GC-MS. Methods used for extraction, transesterification and 
derivatisation with MSTFA were routine procedures done in VTT’s analytical 
laboratory and these instructions were followed.  
 
Standards of the compounds that were identified and quantified were not available for 
creating calibration curves. Quantification was carried out by using a mixture of 
heptadecanoic acid and glyceroheptadecanoic acid. Quantification calculations were 
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based on assumption that response factors of compounds which were qualified were 
compared to the two pure compounds added to samples as internal standards.   
 
10.10.1 Principles of the analysis 
 
Analysis was carried out with GC and data was processed with MSD Chemstation 
Enchanched Data Analysis and NIST Mass Spectral Library was used for identification. 
Sample injection volume was 1 µl. Each sample was run once and a blank sample was 
run between samples.  
 
A temperature gradient program was used (Table 11). Helium is the carrier with a flow 
rate of 1.2 ml/min. Initial phase begins at 70 ˚C and after 1 minute temperature is 
increased by 7 ˚C / minute for 15.429 minutes until 270 ˚C is reached. This temperature 
is held for 45 minutes and the column oven is cooled to back to initial temperature prior 
to next injection.  
 
Table 11. Temperature gradient program for lipid GC-MS analysis. 
Time (min) Column temperature (˚C) Flow rate (ml/min) 
Initial 70 1.2 
1.000 70 1.2 
15.429 270 1.2 
45.000 270 1.2 
 
In gas chromatography compounds must be in gaseous form at the used conditions. 
Majority of free fatty acids and glycerolipids are too large and heavy to be analyzed 





Glycerolipids were released from glycerol by transesterification with methoxide and as 
methylated fatty acids their volatility increased (Figure 15). The added glyceryl 
triheptadecanoic acid as glycerolipid will also be transesteried and in chromatograms 
different methylester forms of fatty acids bound to glycerol of glycerolipids are detected 
if reaction has been successful. Free fatty acids were derivatized with MSTFA which 
replaced their structures hydroxyl groups’ labile hydrogen with trimethylsilyl group 
which resulted in increased volatility (Figure 16). Trimethylsilylated fatty acids will be 
seen as well in chromatogram if reaction is carried out successfully.  
 
Figure 15. Transesterification reaction of glyceryl triheptadecanoic acid. Glycerol is 
substituted with methyl groups resulting as three fatty acid methylesters (ME) from one 
glycerolipid. R = (CH2)15CH3. 
 
 
Figure 16. Silylation reaction of heptadecanoic acid. Trimethylsilicate (TMS) 




Quantification was done by adding solution containing heptadecanoic acid and glyceryl 
triheptadecanoic acid by ratio approximately 1:2. Heptadecanoic acid is a free fatty acid 
and glyceryl triheptadecanoic acid is a molecule where three of these heptadecanoic 
acids are bound to glycerol with ester bonds. Free fatty acids will be quantified using 
the area of trimethyl silylated heptadecanoic acid. Glycerolipids will be quantified with 
area of glyceryl triheptadecanoic acids transesterified form, methyl ester of 
heptadecanoic acid.  
 
10.10.2 Extraction of fatty acids and glycerolipids and their derivatization 
 
Approximately 30 mg of processed callus was weighted to glass Kimex tubes. 2 ml 
petroleum ether and 50 µl internal standard mixture was added to samples and vortexed 
until all solid material was homogenized. 1 ml of saturated solution of sodium 
methoxide in methanol was added to samples and samples were vortexed again. To 
improve evenly boiling of the samples boiling chips were added to each sample. 
Samples were boiled in solid heating blocks at 45-50 ˚C for 5 minutes. Right after 5 
minutes, 2 ml of 15 % NaHSO4 in H2O was added to prevent reverse transesterification. 
Organic phase was then collected carefully to vials and dried under N2.  
 
To the dried samples 50 µl of dichloromethane was added and they were vortexed 
vigorously and then transferred to vial inserts. To these inserts 25 µl of silylation 
reagent, MSTFA, was added and vials were closed with caps. Vials were heated in 80˚C 
temperature for 20 minutes. 
 
10.10.3 Peak identification and integration of the chromatograms 
 
A program was created to MSD Chemstation for identify and integrate peaks of interest. 
Identifying of the peaks was carried out with NIST library. Limit value for retention 
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times were chosen from the results. Masses of three ion fragments of one compound 
were used to ensure reliability of the compounds identified by retention time. 
Compounds names, retention times and ion fragments are listed in APPENDIX 7 that 
were used for identification.  
 
Since the program was not totally reliable for integrating peaks, integration was 
inspected and corrected where needed for each compound individually after the 
program had processed the chromatograms. C18:1 fatty acid could not be integrated 
satisfactorily since peak of C18:2 covered it almost completely. 
 
10.11 Volatile compounds 
 
Volatile compounds from fresh callus cultures were analyzed by using headspace GC. 
SPME was used to extract volatile compounds from the gaseous phase in sample vials, 
which is called headspace. This method has not been used before for analyzing fresh 
berry calli. Two different internal standards were used, iso-octane and nerolidol in test 
runs. Either of the internal standards were identified from chromatograms, therefore 
quantification was not done and it was decided to only screen the samples for possible 
interesting compounds.  
 
10.11.1 Principles of SPME extraction and analysis with GC-MS 
 
The analyses were carried out with the same equipment as analysis of lipids and lipid 
classes. Qualificative analysis was carried out with only NIST-library.  
 
SPME device consists of a SPME fused silica optical fiber, fiber assembly and fibre 
holder. The fiber is retracted in a metal needle of the assembly for mechanical 
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protection and is only exposed when collection or extraction of analytes takes place. 
The fiber is coated with a polymer film, usually polydimethylsiloxane (PDMS) which is 
a commonly used nonpolar GC column phase. SPME is basically a reversed GC 
column.  
 
Sampling gaseous analytes from headspace with SPME is carried out without any 
sample preparation. Blending or mixing can increase acyl hydrolase activity and 
therefore cause lipid degradation (Williams et al. 1998). Samples are heated to increase 
diffusion from sample matrix to headspace gas phase. SPME fiber is then introduced to 
sample headspace and analytes are then concentrated on the SPME fibre by absorption 
or adsorption (Vas and Vékey 2004). In this study sample temperature was set to 80 ˚C 
and fiber was exposed to headspace for 5 minutes.  
 
After the SPME fiber has been introduced to headspace and sampling is completed, 
fiber is retracted back to the needle and then it is moved to a hot GC injector and 
analytes are extracted to GC due thermal desorption (Vas and Vékey 2004). 
 
Helium is the carrier with flow of 1.2 ml/min. Columns initial temperature is set to 50˚C 
and program was set to hold it for 1 minute following with a 10 ˚C/min increase until 
270˚C. Length of one run was 25 minutes. The SPME fiber is cleaned after each sample 
in a process called “bake out” at 150˚C between the runs and one blank sample is run 
prior next sampling. 
 
10.11.2 Sample preparation 
 
From callus species of each and treatments one lump of callus was collected and 
weighted to glass vials. Vials were capped with SPME lids. The samples were stored at 
a freezer for 2 days before analysis was carried out. 
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10.12  Data handling and presentation of the results 
 
All calculations from raw data, charts and visualization of results were carried out on 
Excel 2010. Two runs of each sample were carried out on acetone soluble pigment 
analysis and on runs of anthocyanin and hydrolyzed anthocyanin. Mean value of these 
two runs was used when applicable. In cases when there was error in integration or in 
the run itself, more realistic value was used alone. 
 
Due to wide variation in species secondary metabolite content and in amounts of 
compounds of interest, 10 base logarithmic scale is used in charts for illustrating 
purposes. The exact amounts are listed in figures as well since direct comparing from 
logarithmic charts can be challenging. 
 
Correlation charts are created by compound group by using different light quality 
including light derived parameters. Amount of different sample matrixes in each 
analysis provided good basis on correlation analysis on the effects of spectral 
difference. Data used in correlation were calculated by compound or compound group 
wise where suitable. A limit of ±0.9 correlation coefficient is used when effect of some 
light parameter is considered to have a contribution to some studied compound. 
Primarily the effect of wavelength bands is focused in results section, but effects of light 
derived parameters Pr:P, R:FR, B:G and CRY are used in discussion. 
 
Since no replications of the extractions were carried out in this study and samples of 
individual species on individual treatment were pooled, no other statistical analyses 





10.13  Managing error sources 
 
In this study, absent of replications increased risk of the operator being the error source 
and therefore enormous differences or completely nonexistence of correlation in well-
established cause and effect on different wavelengths contribution on some studied 
parameters would raise a need for repeat of analysis procedure before any conclusions 
could be drawn. Possibilities for various error sources were considered to be in material 
handling, temperature variance, consistency of growth media and the studied material 
itself. 
 
As stated previously, collecting the callus was not straightforward. Even though all 
collected material were cleaned by best means, there could still be small clumps of 
growth media within samples and the compounds of growth media could affect straight 
at least results of total phenolic content since Folin-Ciocalteu’s reagent reacts to some 
extent with other compounds like amino acids, proteins, salts and metal complexes as 
well (Everette et al. 2010). Growth media in the samples could also contribute to the 
sample mass and therefore have small dilutive effect.  
 
Material handling could be also possible source of error, since freeze dried and 
powdered cell material is static material. This was overcame by using ionizer apparatus 
when samples were weighted but still leaves possibility for incorrect readings when 
taking weights of the samples.  
 
Temperatures were rather stable during the beginning of the experiments but varied 
widely at the end for some reason and there could have been also unobtrusive 
differences in temperature in the test conditions between upper and lower shelf itself 




Batch-to-batch differences in growth media consistency can be also possible error 
source, for example calli can be sensitive to small differences in pH and auxin/cytokinin 
ratio. Calli itself can be possible source of error since cell viability or state of callus 
clump in subcultured transplant affects speed of growth and very likely secondary 
metabolism in the beginning of the growth. Pooling the samples lowered biological 
variance in this study. Other means to reduce biological variance were carried out as 
well, like mixing the fresh subcultural plates speciewise before labeling them of which 





11.1 The effect of different light spectra on visual appearance 
 
Captions of collected calli are shown in APPENDIX 2. Generally in every species calli 
which were grown under darkness appeared palerer or did not show any color than any 
of the cultures which received light. Overall, by visual inspection can be said that 
auxin/cytokinin ratio has been adequate since the cultures did not exhibit any organ 
development. 
 
Arctic bramble (15) did not grow as well as in growth room conditions. The test 
subjects preserved their characteristic tint of red during the first generation (31 days) in 
test conditions but it began to fade in second generation and they turned pale (28 days).  
 
Arctic bramble (7AB) remained yellow for both generations but showed slight greening 
in some clumps and even small hint of red under G2 and G13. Dark control seemed to 
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grow as well as others but with the characteristic features in appearance to dark grown 
samples. 
 
Bilberries grown in darkness were generally browner and did not exhibit any 
characteristic red color of bilberry callus. General reddish appearance of the calli in first 
generation was similar under the light treatments but in second generation it was lost 
almost compeletely. 
 
Cloudberry callus grew almost equally in dark and under light and the characteristic 
yellow color was inextricably similar in first and second generation. In second 
generation some browning of calli was observed.  
 
Dark grown lingonberry callus was remarkably different in appearance than any grown 
in light. Color was completely brown instead of intense red. Some browning was also 
observed under AP67 treatment. In second generation browning became more abundant 
but not under AP673L.  
 
Visual appearances of cranberry callus were more diverse. Dark grown ones did not 
exhibit characteristic reddish color and along the red color some greening was observed 
under the ones grown under AP673L and AP67. However appearances in second 
generation were not so diverse, reddish appearance was not so intense and some 
browning was observed. 
 
Raspberry maintained its greenish appearance under all treatments, except under dark it 
was less intense. There were differences in appearance between the light treatments; the 
ones grown under G13 were the palest. Second generation did not show any dramatic 





C16 and C18 fatty acid composition ratios between the genera were remarkably similar 
(data not shown). Since evolutionary differences are not enormous inside genera and 
lipids are primary metabolites of the plants similar composition and responses are 
expected to occur. Hence it was more appropriate to process and present results as 
averages of individual fatty acids by genus instead of by species. FFA concentrations 
are relatively abundant under all treatments in calli which has been also observed in 
other studies. Concentration of C18:0 glycerolipid is higher in Rubus. Other major 
differences between these two species were the ratios of C16:0 and C18:0 fatty acids 
(Tables 12 and 13). This could be due difference in FAS which favors synthesis of 
either C16:0 or C18:0, or activity of stearoyl-ACP desaturase is higher and transfers 
C18:0 to C18:1 quickly. Due to differences in fatty acid composition between the two 
genera, correlation chart was not done from average of all results but again for each 
genus separately. 
 
11.2.1 The effect of different light spectra on fatty acid production in Rubus and 
Vaccinium 
 
Table 12. Effect of light treatments on ratios of glycerolipids and FFAs of C16:0/C18:0 









Dark 1,63 1,35 1,01 0,79 
G2 1,78 1,30 1,27 0,97 
AP67 1,80 1,35 1,36 1,13 
G13 1,87 1,21 1,18 0,92 
AP673L 1,90 1,19 1,22 0,91 
 
Amounts of C16:0 glycerolipids were higher under illuminated conditions in Rubus and 
amounts of C18:0 glycerolipid lower. Almost same effect is seen with corresponding 
FFAs (Figure 17). Glycerolipid yields of C18:0, C18:2 and C18:3 and of FFAs C18:3 
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were higher under lightless conditions. Concentrations of C18:3 were remarkably higher 
in general under darkness but also moderately higher with regard to C18:3 glycerolipid. 
Of the light treatments, AP67 had the greatest yield of C16:0, C18:0, and C18:2 
glycerolipids and G13 the lowest C16:0 and C18:0 whereas AP673L had the lowest 
18:2 and C18:3 (Figure 17). Of the light treatments AP673L and G13 had almost equal 
C16:0/C18:0 glycerolipid ratios (Table 12) and same situation is with G2 and AP67. 
C18:2/C18:3 ratios are different; AP67 had highest ratio, equal with ratio of lightless 
conditions. The lowest C18:2/C18:3 were under AP673L. Of ratios of FFAs 
C16:0/C18:0 and C18:2/C18:3 AP67 had the highest, the lowest of light treatments is 



















C16:0 ME C18:0 ME C18:2 ME C18:3 ME C16:0 TMS C18:0 TMS C18:2 TMS C18:3 TMS
AP673L 2924,5 1537,0 5937,3 4985,1 170,8 140,0 93,3 102,7
G13 2829,0 1509,4 6103,8 5027,0 165,9 141,0 91,2 99,2
AP67 2960,8 1642,4 6729,2 4976,6 183,9 135,4 142,0 126,1
G2 2880,2 1613,9 6557,2 5034,5 162,0 127,6 110,9 114,0




Light quality had greatest impact on FFA concentrations in Rubus (Figure 18). 400-450 
nm wavebands had a negative correlation with C18:0 glycerolipids and C18:3 FFAs. 
Wavebands of 500‒550 nm had a negative correlation on C18:3 glycerolipids whereas it 
had a positive correlation with C16:0 FFA. C18:0 FFA had a positive correlation in 
550‒600 nm, 650‒700 nm, 700‒750 nm and 750‒800 nm wavebands. FFAs C18:0 and 
C18:2 had both negative correlations in 600‒650 nm. CRY had a negative correlation 
with C18:0 and C18:2 FFAs and C18:3 glycerolipids. The red to far-red ratio had 
negative correlations with C18:0 and C18:2 FFAs, additionally C18:3 glycerolipid 
almost reached the correlation limit. Pr:P had a positive correlation with C18:0 




Figure 18. Bar model of correlation coefficients of effects of lights quality on fatty acid 
composition on Rubus (n=16). 























In Vaccinium genera amounts of C18:0 were only a fraction when compared to Rubus 
(Figures 17 and 19). In Vaccinium lightless conditions accummulated the greatest 
concentration of glycerolipids C16:0 and C18:0. Of the light treatments G2 had the 
highest content of all glycerolipids and FFAs (Figure 19). The lowest concentration of 
C16:0 and C18:0 glycerolipids were obtained from treatment with AP67 whereas the 
lowest concentrations of corresponding FFAs were under AP673L. C18:2 and C18:3 
glycerolipids and FFAs were the lowest under G13. 
 
Table 13. Lights effect on ratios of glycerolipids and FFAs of C16:0/C18:0 and 









Dark 10,95 1,18 5,25 0,49 
G2 11,27 1,23 4,10 0,67 
AP67 11,57 1,18 4,47 0,61 
G13 11,54 1,20 5,51 0,63 
AP673L 11,39 1,24 5,43 0,66 
 
Ratios of glycerolipids were relatively on the same level under different light treatments 
(Table 13). Ratio of C16:0/C18:0 FFAs was the highest under G13 and the lowest under 
G2. Ratios of C18:2/C18:3 FFAs did not have that much difference, the highest was 
found under G2 and AP673L and the lowest under AP67 and G13 (Table 13).  
 
In Vaccinium C18:3 FFA had a negative correlation with 400‒450 nm and 450‒500 nm 
wabebands. The FFA had a positive correlation which is close to the limit with 700‒750 
nm and 750‒800 nm (Figure 20). A negative correlation was found between C18:0 
glycerolipid and 600‒650 nm, but the same glycerolipid had positive correlations with 
700‒750 nm and 750‒800 nm wavebands. C18:2 glycerolipid had a negative correlation 
with 400‒450 nm and 600‒650 nm wavebands. Increased CRY had a negative impact 
on concentrations of C18:0 and C18:2 glycerolipids and C18:3 FFA (Figure 20). 
Increased red to far-red ratio had the same impact on the same glycerolipids, whereas 




Figure 19. Effect of different light treatments on Vaccinium C16 and C18 fatty acid 
composition (n=3). 









C16:0 ME C18:0 ME C18:2 ME C18:3 ME C16:0 TMS C18:0 TMS C18:2 TMS C18:3 TMS
AP673L 2956,8 259,6 5317,4 4289,9 70,3 12,9 66,3 100,0
G13 2932,3 254,1 4993,2 4171,2 76,0 13,8 64,1 102,0
AP67 2882,9 249,2 5145,1 4365,1 88,2 19,8 80,2 130,7
G2 2961,4 262,8 5449,8 4413,1 77,4 18,9 74,9 111,0




Figure 20. Bar model of correlation coefficients of effects of light qualitys on fatty acid 
composition on Vaccinium. (n=12). 























11.3 The effect of different spectra on pigments 
 
Raspberry, cranberry and cloudberry were the only callus lines exhibiting measurable 
amounts of mass pigments (Chlorophyll b, Chlorophyll a and β-carotene). Arctic 
bramble (7AB) exhibited some mass pigment accumulation but to very small extent, 
hence the data is not shown. Raspberry exhibited photosynthetic pigments in greater 
amounts; hence it is possible it could be at least partially photoautotrophic.  
 
Xanthophyll lutein was present in measurable amounts in arctic brambles, raspberry, 
cranberry, cloudberry and lingonberry (APPENDIX 11). Components of violaxanthin 
cycle could be observed in every cell culture except in bilberry (APPENDIX 11). 
Presence of α-carotene, which is a precursor of lutein, is detected in raspberries. 
Raspberry samples contained lutein but no zeaxanthin was detected whereas other 
samples contained far less lutein and the compound was shouldering with zeaxanthin. 
The compounds of the violaxanthin cycle compounds were present mainly in minor 
amounts hence they were not studied further.   
 
11.3.1 Effects of different wavelengths of light on selected acetone soluble pigments 
 
Chlorophyll b and chlorophyll a accumulation were the highest under AP673L and the 
lowest under G13 in cloudberry and cranberry (Figures 21 and 22). In raspberries the 
highest yields of chlorophyll b were almost on equal levels under AP67 and G2 whereas 
AP673L had the lowest concentrations of chlorophyll b and chlorophyll a. However, the 
greatest concentrations of chlorophyll a were found from samples under G2 and 





Figure 21. Effect of light treatments on chlorphyll b content (µg/g) in cloudberry, 
cranberry and raspberry.  
 
Figure 22. Effect of light treatments on chlorphyll a content in cloudberry, cranberry 
and raspberry (µg/g, expressed as chlorophyll b equivalents). 





AP673L 54,3 78,0 482,8
G13 45,4 51,5 504,4
AP67 51,9 61,4 526,9
G2 51,2 64,7 526,7
Dark 174,1
log (µg/g) 





AP673L 80,7 123,3 1044,4
G13 61,3 82,2 1067,1
AP67 73,1 91,1 1076,1





In cloudberry ratio of chlorophyll b and chlorophyll a was the highest under G13 and 
the lowest under AP673L (Table 14). In cranberry the highest ratio was under AP67 
whereas the rest three light treatments had equal ratios.  In raspberry, the highest ratio 
was under darkness but of the light treatments the highest ratio was on AP67 and the 
lowest under AP673L treatments (Table 14).  
 
Table 14. The effect of different light treatments on chlorophyll b and chlorophyll a 
ratio of the samples. 
Chlorophyll b/a Cloudberry Cranberry Raspberry 
Dark   0,58 
G2 0,72 0,63 0,47 
AP67 0,71 0,67 0,49 
G13 0,74 0,63 0,47 
AP673L 0,67 0,63 0,46 
 
 
Figure 23. Effect of light treatments on β-carotene production (µg/g) in cloudberry, 
cranberry and raspberry. In raspberry α-carotene was present which is summed with β-
carotene due to poor resolution. 





AP673L 20,9 13,6 160,7
G13 16,2 8,6 166,7
AP67 17,9 10,8 165,9





β-carotene production was the highest in cloudberry and cranberry under AP673L and 
the lowest under G13 (Figure 23). In raspberry the highest yield was under G2 and the 
lowest under AP673L. β-carotene is also found in dark grown raspberry.  
 
 
Figure 24. Effect of light quality on lutein production (µg/g). In arctic bramble, 
cranberry, cloudberry and lingonberry lutein peak was shouldering with other 
compound (λmax=452, 481, which are absorption maxima of zeaxanthin). Area used for 
both due to poor resolution of the two compounds. 
 
Lutein and an interfering compound were present on lingonberry, cloudberry, cranberry 
and arctic brambles (Figure 24). G2 treatment had the highest concentrations of lutein in 
lingonberry, cranberry and raspberry. However, the lowest concentrations were in 
lingonberry under AP67, in cranberry under G13 and raspberry under AP673L. AP673L 













AP673L 15,5 136,7 151,1 397,7 36,5 28,2
G13 18,8 101,4 105,1 415,4 35,9 31,1
AP67 15,3 108,3 121,1 404,1 42,2 41,0
G2 21,4 114,2 136,3 423,6 39,1 33,0




treatment led to the highest yields in cloudberry samples whereas the lowest were under 
G13. In both arctic brambles the highest concentrations were accumulated under AP67 
and in arctic bramble 7AB G13 had the lowest yields and in arctic bramble 15 the 
lowest were under AP673L.  
 
 
Figure 25. Bar model of correlation values of effects of light quality on mass pigment 
composition in all samples. (β-carotene n=12, lutein n=24, chlorophyll b and a n=12). 
 



















A positive correlation between wavebands and chlorophyll b was found in 700‒800 nm 
wavelengths whereas negative correlation was found in wavelengths of 400‒500 nm 
and 600‒650 nm. No other compound reached the determined correlation limit but 
correlations of β-carotene were close to the limits of positive correlation under 650‒700 
nm and negative under 550‒600 nm (Figure 25). Chlorophyll a had slightly lower 
correlations than chlorophyll b and it followed chlorophyll b’s correlations closely in 
650‒800 nm wavelengths but did not reach the limit. Correlations of lutein were 
generally low in all wavelengths (Figure 25).  
 
11.4 The effect of different light spectra total phenolic content and anthocyanins and 
identification of anthocyanin aglycones 
 
Major difference between the two genera was seen in total phenolic content, 
concentrations being over 10-fold in Vaccinium compared to Rubus. Therefore these 
two genera were processed as two groups. Correlation for total phenolic content and 
spectral output is probably hard to obtain, since the method is not only specific to 
secondary metabolite derived phenolic compounds. 
 
Anthocyanins were present in both genera but anthocyanin compositions between 
species vary widely. Qualification of unknown anthocyanins was not carried out and the 
compounds are named by their retention times. Anthocyanidins are qualified from 
hydrolyzed samples. Measurable amounts of anthocyanins were in blueberry, 
lingonberry, cranberry and arctic bramble 15. Cloudberry and arctic bramble 7AB 
exhibited anthocyanins only as trace amounts.  
 
11.4.1 Total phenolic content 
 
In almost all species of genera Rubus G13 had the greatest TPC under G13 and lowest 
under AP67 but in case of arctic bramble 7AB highest accumulation was under AP67 
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and lowest under AP673L (Figure 26). In cloudberry and raspberry differences of light 
treatments were generally low whereas differences in arctic brambles were slightly 
higher (Figure 26).  
 
Figure 26. Effect of light quality on total phenolic content of the berries. Amount is 
expressed as mg/g gallic acid equivalent (GAE). 
 
In Vaccinium the highest TPC was found under AP673L grown calli whereas treatment 
which had the lowest concentration varied (Figure 26). Lowest TPC in lingonberry is 
under AP67, in cranberry and bilberry under G13. Lingonberry and cranberry TPC were 















AP673L 79,2 69,5 64,7 3,9 3,4 4,7 6,6
G13 68,1 50,3 56,4 4,4 3,7 6,6 7,7
AP67 63,8 57,6 64,2 3,8 3,0 7,2 5,7
G2 67,3 49,2 63,6 3,9 3,3 6,1 6,0




cell cultures which were grown in lightless conditions and TPC was almost equal under 




Anthocyanin accumulation was the highest in lingonberry under AP673L and the lowest 
under AP67, difference being over two fold (Figure 27). Accumulation of anthocyanins 
under G13 was close to AP673L if these two are compared with G2. Anthocyanin 2.6 is 
the most abundant compound in all samples and difference in its biosynthesis 
contributes in the greatest extent to the total anthocyanin content. Yields of other 
anthocyanins also varied widely between the two extremes in sense of total anthocyanin 
content (Figure 27). 
 
 
Figure 27. Effects of light quality on lingonberry anthocyanin content. Anthocyanins are 
expressed as cyanidin-3-glucoside equivalents (µg/g). 






Anthocyanin 2.6 Cyanidin-3-glucoside Anthocyanin 2.9 Anthocyanin 3.13 Total anthocyanin
AP673L 7064,8 791,4 347,9 305,4 8509,5
G13 6482,4 627,7 326,1 389,6 7825,7
AP67 2670,2 419,2 283,9 254,5 3627,8






Figure 28. Effect of light quality on cranberry anthocyanin content. Anthocyanins are 
expressed as cyanidin-3-glucoside equivalents (µg/g) . 
 
In cranberry samples difference between the highest, G13, and the lowest, AP67, was 
approximately 160 % (Table 15). AP673L was in a same class with G13 in sense of 
anthocyanin content if the two lowest treaments which had lowest yeilds, G2 and AP67 
are taken into account (Figure 28). Two anthocyanins, anthocyanin 2.6 and anthocyanin 
2.9 were contributing to yields the most, and the rest do not influence the yields that 
much (Figure 28).  










Anthocyanin 2.9 Anthocyanin 3.13 Anthocyanin 3.46 Total anthocyanin
AP673L 1280,0 287,4 926,9 310,8 258,3 3063,4
G13 1470,1 288,0 1082,8 328,3 264,3 3433,5
AP67 764,0 262,5 583,3 272,8 244,5 2127,1
G2 988,1 272,7 746,3 276,3 243,7 2527,1





Figure 29. Effect of light quality on bilberry anthocyanin content. Anthocyanins are 
expressed as cyanidin-3-glucoside equivalents (µg/g). 
 
Anthocyanin content in bilberry did not vary as widely as in other species (Figure 29). 
The highest accumulation was obtained under G2 whereas the lowest under AP67, 
difference being less than 30 %. Difference of anthocyanin biosynthesis between AP67 
treated calli and dark grown calli was approximately 20 %, which is the lowest of the 
four berries (Table 15).  
 
Table 15. Comparison of magnitude of treatment on anthocyanin accummulation. 
*Difference between the highest and the lowest yields under light treatments. 
**Difference between the lowest under light and dark. 
Specie Illuminated* (%) Non-illuminated** (%) 
Lingonberry 230  1150 
Cranberry 160 450 
Bilberry 130 120 
Arctic bramble 15 160 160 





Anthocyanin 2.6 Cyanidin-3-glucoside Anthocyanin 2.9 Total anthocyanin
AP673L 343,7 254,3 336,9 934,8
G13 368,9 266,1 363,6 998,6
AP67 302,5 245,2 302,5 850,2
G2 399,5 274,9 391,4 1065,8







Figure 30. Effect of different spectral composition on arctic bramble 15 anthocyanin 
content. Anthocyanins are expressed as cyanidin-3-glucoside equivalents (µg/g) and 
anthocyanidins as cyanidin equivalents (µg/g). 
 
The highest concentrations of anthocyanins in arctic bramble 15 were under G13 
(Figure 30). The lowest accumulation was found under AP673L treated calli. Difference 
between anthocyanin biosynthesis is approximately 160 % higher when these two are 
compared, and same difference is found in comparison of the lowest yield under 
illumination and darkness (Table 15).  
 
Bilberry calli used in this study produces only two common antocyanidins found in 
bilberry anthocyanin aglycones but delphidin, which is other common anthocyanidin 
found in hydrolyzed bilberry samples was not detected (Table 16). Hydrolyzed 
lingonberry sample contained cyanidin, peonidin, pelargonidin and malvidin. Cranberry 
samples contained delphinidin, cyanidin, peonidin and malvidin. Arctic bramble 15 




Unknown Anthocyanin Anthocyanin 2.9 Total anthocyanin
AP673L 523,4 460,9 984,3
G13 813,8 733,8 1547,6
AP67 772,4 511,8 1284,2
G2 657,5 531,0 1188,6




contained only cyanidin but the cell cultures produced anthocyanin which was not 
hydrolyzed by the treatment. The chromatograms of hydrolyzed anthocyanin samples 
and quantified anthocyanidins are shown in APPENDIX 10 and 13. 
 
Table 16. Qualified anthocyanidins in bilberry, lingonberry, cranberry and arctic 
bramble 15 cell cultures. *Compound is anthocyanin which could not be hydrolyzed 
with the treatment. 
Specie Qualified anthocyanidins from hydrolyzed samples 
Bilberry Cyanidin, peonidin 
Lingonberry Cyanidin, peonidin, pelargonidin, malvidin 
Cranberry Delphinidin, cyanidin, peonidin, malvidin 
Arctic bramble 15 Unknown*, cyanidin 
 
TPC was not correlating with any wavelengths in this study (Figure 31). Wavebands 
400‒450 nm and 600‒650 nm had a positive correlation on anthocyanin accumulation. 
Correlation between far-red wavebands and anthocyanin is close to negative correlation 




Figure 31. Bar model of correlation values of light quality on quantified phenolic 
compounds. (TPC n=28, anthocyanins n=16). 
 
11.5 Volatile compounds 
 
From berry callus samples only some of volatile compounds were detected succesfully. 
Quantificative results are not present since no suitable internal standard was found and 
therefore no comparision was carried out. The main focus was to try to detect 
compounds and compare if the cell cultures also exhibited same volatile compounds to 
some extent as their elite mother plants. However, reliable detection was found to be 
challenging since major peaks in chromatograms were from SPME fiber itself along 


















with various smaller peaks. Any valuable information of volatile compounds could not 





Correlations between wavebands and lipid accumulations are not straightforward, and 
since these calli were not totally autotrophic as plants or algae, different approach must 
be taken to explain the results. The correlations between parameters cryptochrome 
effective irradiance (CRY), red to far-red ratio (R:FR) and phytochrome 
photoequilibrium (Pr:P) and lipids are the key to understanding the differences in lipid 
concentrations under the treatments in both species. Increased CRY, R:FR and Pr:P 
decreased the concentrations of C18:0 and C18:2 FFAs and also C18:3 glycerolipid in 
Rubus. Decreased concentrations of C18:0 FFA is possibly explained by higher 
desaturase activity which is driven by light as it is in cyanobacteria. Impact on C18:0 
glycerolipid is not seen, since the cells do not need to cleave it from glycerolipids since 
there is already steady supply of carbon which can be utilized in fatty acid synthesis in 
growth media of calli. Since these cell cultures are not autotrophic, same principles 
might not apply if light quality favoring photosynthesis is taken into account with lights 
effect on lipid composition. But there is reason to assume that berry calli do lipid 
derived secondary metabolism as in their elite mother plants. The reason why C18:2 
FFAs are decreased is due C18:2 derived secondary metabolism. CRY and 
phytochrome activation most likely activate transcriptional factors of the LOX-pathway, 
hence C18:2 FFA is utilized in secondary metabolism instead. Lower C18:3 
glycerolipid content is also explained by this, Δ15-desaturase is competiting with other 
enzymes of LOX-pathway of C18:2 FFA. There is no reason to assume that LOX-
pathway is not highly active in callus cultures, since callus itself is a result of plant 
wounding which is known to have an impact on volatile biosynthesis. Positive 
correlation between C18:0 glycerolipids and Pr:P can not be explained by these 
hypothesis but it might be explained that phytochromes mediate ACCase towards C18:0 
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instead of C16:0 but could not be confirmed since Rubus calli grown in darkness has 
lower C16:0/C18:0 glycerolipid ratio (Table 12). The positive correlation between 500‒
550 nm and C16:0 glycerolipipids can not be explained by any photoreceptor mediated 
effect. A positive correlation between C18:0 glycerolipid and 550‒600 nm wavebands 
is also present. These wavelengths might have a role in accumulating these 
glycerolipids, but it must kept in mind that in all light sources green wavebands were 
increased by lowering either blue or red wavebands, which means less output at the  
wavebands which are favoring cryptochrome and phytochrome activation mediated 
respones. It would require phytochrome and cryptochrome double mutant to confirm 
any connection to these wavebands.  
 
In the results it can be seen that in Vaccinium increased CRY had negative correlations 
with C18:3 FFA and C18:0 and C18:2 glycerolipids. R:FR has negative correlations in 
the same manner with C18:0 and C18:2 glycerolipids and the correlation is close to the 
correlation limit in case of C18:3 FFA. Pr:P had a negative correlation only with C18:0 
glycerolipid. C18:3 FFA may have been deacreased in Vaccinium because the species of 
the genera utilize mainly C18:3 in their lipid derived secondary metabolism which 
explains the reduced amounts by increased CRY. It is possible that these pathways 
require synergistic effects of phytochrome activation or it does not have an impact on 
these effects, hence Pr:P correlation does not reach the limit. The impact of CRY and 
R:FR on C18:2 glycerolipids might be consequence of increased activity of acyl 
hydrolase enzymes, it is possible that released C18:2 is then desaturated to C18:3 by 
Δ15-desaturases and the C18:3 is then used actively to produce secondary metabolites.  
 
Granted that the two genera had different lipid composition, responses which are 
mediated by cryptochromes and phytochromes are the same. Some results that calli 
grown in the darkness had greatest yield on primary fatty acids could indicate that light 
in controlling ACCase activity does not have major role. ACCase activity is known to 
be sensitive to pH, acidic conditions reducing its activity (Sasaki et al. 1997). Therefore 
one additional explanation to these results could be by that that light treated calli 
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produced and contained more phenolic compounds and acids which possibly had impact 
on chloroplasts and cytosol pH and therefore reduced the activity of ACCase. Another 
explanation would be that dark treated calli did not receive stimulus to further process 
C16:0 and C18:0 to other lipids and secondary metabolites. Along with secondary 
metabolites it must be held in mind that C18 and C16 lipids are also utilized in synthesis 
of longer fatty acids, which were also present in the samples and high correlations 
between shorter and longer fatty acids was also observed (data not shown). The topic 
could need further research to establish the full picture of connections between 
wavelengths effect and longer fatty acids. LOX-mutant lines would be needed to define 
the effects and to study lipid biosynthesis pathway and factors contributing to it. 
Qualitative analysis of secondary metabolites derived from LOX-pathway could have 
been additional input to these results, which is possible by developing the GC-MS 
SPME analysis method further.  
 
Supporting data for lipid samples was not obtained with volatile analysis. In studying 
the volatile compounds of samples the reason for absence of alcohols and possibly other 
major volatile compounds in the samples can not be explained only by analytical results 
(APPENDIX 14). The results show that analysis of volatile compounds from callus 
matrixes is possible with this method, but the method itself requires more refining. One 
aspect could be that if intensity of peaks in volatile compound samples is needed to be 
increased, homogenizing the cell material before analysis could be worth trying. Alonzo 
(2001) and his co-workers homogenized calli in their study prior SPME GC-MS 
analysis. The group also used similar PDMS fiber but did not report vast peaks 
originating from the SPME fiber itself. They identified various terpenes, aldehydes, 
alcohols and larger compounds and therefore SPME is valid method for volatile 
analysis from callus cultures. But yet analyzing large sample sets will become labor 
intensive if homogenization is needed right before sampling.  
 
The correlations between mass pigments and the wavebands which are known to have 
an increasing effect on accumulation are not explained only by photoreceptor mediated 
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responses. Cryptochrome mediated responses and red light should have an increasing 
effect on biosynthesis of chlorophylls.  Hence it is more appropriate to compare the 
results of individual light sources and supplement it with additional aspects regarding 
the material used in this study. In the results cloudberry and cranberry receiving 
AP673L seemed to increase both chlorophyll b and chlorophyll a accumulation whereas 
G13 had an opposite effect. The major differences between these two light sources are 
that G13 has slightly higher CRY, hence it has more blue wavebands in its output, 
whereas AP673L has only little less blue light and more on green and orange output. 
Ratio between chlorophyll b and chlorophyll a is almost at the same level (Table 14). 
This could be an indication of green and orange favoring chlorophyll synthesis but 
when G2 and AP67 are compared, AP67 having highest output in these wavelengths, 
almost equal accumulations are observed. The result could indicate that AP673L is 
reaching the maximum utilization of photosynthetic machinery and when output of blue 
is increased like in G13, followed by reduction of the activity to the lowest level due to 
the protective mechanisms which are functioning to prevent damage to the 
photosynthetic machinery.   
 
If the cell culture material is studied, it can be said from the appearance and 
photosynthetic pigment content that these two cell cultures do not resemble mesophyll 
tissue, therefore thylakoids and antenna complexes may not be as organized and 
complete as in full plants. Calli of cloudberry and cranberry in this study are mainly 
heterotrophic cells which can utilize photosynthetic machinery as an additional input. 
Other possibility is that antenna complexes of PS II and PS I are not compeletely 
organized in non-mesophyll like tissues which are partially autotrophic. Anyhow 
situation with raspberry is different. It is green under illumination and the color fades 
under darkness to light green just like in plants mesophyll tissue, but it still maintains 
some activity of chlorophyll synthesis. Utilization of the other accessory pigments in 
photosystems are therefore also expected to function like in whole plants. It also 
accumulates almost 10 times more chlorophylls than cloudberry or cranberry. In 
raspberry concentrations of chlorophyll b and chlorophyll a were generally the highest 
under G2, anyhow chlorophyll b was almost equal with AP67, whereas chlorophyll a 
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was smaller (Figures 21 and 22). Difference between chlorophyll a in G2 and AP67 
could indicate that chlorophyll a oxygenase is more active under G2. The lowest 
accumulation was under AP673L and mediocre accumulation was under G13, hence the 
same reasons might not explain differences as with cloudberry and cranberry. The major 
differences with the two treatments which had two extremes in sense of chlorophyll 
accumulation, G2 and AP673L, is in the output of longer wavelengths (650‒800 nm 
being remarkably higher in G2 whereas 600‒650 nm output being higher in AP673L). 
These wavelengths are far-red and red, and from that it can be concluded that 
phytochromes are involved in controlling the chorophyll accummulation in raspberry 
callus cultures as well, non-active form favoring the synthesis. This also explains why 
AP67 which resembles G2 in means of FR output has almost equal yields on 
chlorophyll b. This can be also seen from correlation chart (Figure 25) where far-red 
wavebands favor chlorophyll b accumulation. Effect on chlorophyll a is not that clear 
since it is dependable on chlorophyll b accumulation due chlorophyll a oxygenase. 
Indication of this relationship can possibly be seen from chlorophyll b and a ratio table, 
where balance seems to be in almost all cases on the same level (Table 14). It can be 
said that best light utilization when measured on chlorophyll content is obtained with 
G2 and it could also apply to whole plant mesophyll tissues. The reason for different 
chlorophyll synthesis under these treatments could be due to plants protective 
mechanisms since blue wavelengths contain the most energy of visible light. Therefore 
protective mechanisms are active since over excitation of chlorophylls forms reactive 
oxygen species which can cause a variety of damage to chloroplasts and to plant cells 
themselves. There is a negative correlation with chlorophyll b and blue wavelengths 
(Figure 25). Since excess blue wavelengths can cause various unfavorable events 
leading to damage, it could be expected that synthesis of lutein and β-carotene as 
protective pigments will be increased in the conditions where danger of over excitation 
of chlorophylls is present.  
 
As seen in the results, in cloudberry and cranberry highest β-carotene accumulations 
were under AP673L treatment, lowest under G13 (Figure 23). This could indicate that 
β-carotene is not functioning as a protective pigment in these two. It could be expected 
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that as quencher of overly excited chlorophylls the accumulation would be highest 
under G13 for the possible reasons described earlier and also it being an accessory 
pigment could have a role in its presence. Reason for this may lie in the established 
structure of antenna complexes. It is a possible indication of that amount of antenna 
complexes and hence all pigments involved are reduced. Same explanation in case of 
raspberry regarding to phytochrome activation involvement may apply for best yields of 
β-carotene on G2 and lowest on AP673L. β-carotene seems not to correlate with any 
specific waveband, but it must be kept in mind that in raspberry α-carotene has a 
contribution to its correlation and therefore it is acceptable in case of β-carotene to 
adapt a lower limit for correlation. Based on this it can be seen from correlation charts 
that accummulation of β-carotene is bound with chlorophyll b accummulation at longer 
wavelengths (Figure 25). The negative impact of 550‒600 nm wavebands on β-carotene 
concentrations was unexpected since its nature as accessory pigment, which is 
harvesting energy also from wavelengths which can not be absorbed by chlorophylls, 
would lead to a conclusion it is increased when orange output is increased. This may be 
due to the issue that reaction centers of photosystems are already nearly working with 
full capacity or maybe have exceeded the full capacity under some sources of light and 
accessorial input of β-carotene is not needed and could be actually harmful for the 
reaction centers. This would also apply with lutein which is another accessory pigment 
of antenna complexes.  
 
Same pattern is seen with lutein as with chlorophylls and β-carotene with regard to 
highest and smallest accumulations in cloudberry, cranberry and raspberry (Figure 24). 
In lingonberry response is similar with raspberry, G2 having the highest yields and 
AP673L the lowest. In both arctic brambles best yields is obtained by AP67 and lowest 
by either AP673L or G13. In this case, the role of lutein as accessory pigment is 
probably seen, since arctic brambles reaction centers could need additional input of 
lutein as quencher of photons to run reaction centers at some level due to low levels of 
chlorophylls the cultures, since they are mainly heterotrophic. It must be noted that only 
in raspberry area of lutein is actually lutein, all other species contained zeaxanthin 
which was shouldering with lutein in such manner that integration of area was total area 
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of these two. When studying differences this might have a severe impact on the 
reliability of using areas of these two compounds at least when correlations are looked 
(Figure 25). Since in such conditions where reaction centers are working at almost full 
capacity, balance in xanthophyll cycle moves towards zeaxanthin which protects 
thylakoid membranes from possible photo-oxidative damage. Increased concentrations 
of zeaxanthin as minor component, and the stable concentration of lutein as a 
component of antenna complexes will lead to decreased correlation. In case of 
raspberry, zeaxanthin was not detected which can indicate that its reaction centers were 
not in danger of damage hence balance of the violaxanthin cycle is at violaxanthin.  
 
TPC was not correlating with any specific wavebands, which might be consequence of 
Folin-Ciocalteu’s reagent properties to react with various other compounds leading to 
reduced correlations. However, a clear pattern was seen in both genera in what light 
source had the greatest concentrations of phenolic compounds. G13 seemed to have the 
greatest impact favoring total phenolic accumulation on Rubus. Cloudberry, raspberry 
and arctic bramble 15 had the greatest yields under this treatment, whereas the lowest 
accumulation was found under AP67 (Figure 26). Reason for this probably lies in blue 
wavelengths in spectral outputs, G13 having the most and AP67 the least of these 
wavelengths. Various fundamental steps in phenolic synthesis are known to be induced 
by cryptochromes, activated by blue light and inducing the biosynthesis of phenolic 
compounds from the first steps along the pathways leading to variety of phenolic 
compounds. Anyhow this is not seen as a correlation between TPC and blue 
wavelengths which can be due many interfering compounds in quantification which 
contribute to increase TPC. Acrtic bramble 7AB had the highest TPC under AP67 and 
the lowest on AP673L. A clear pattern could not be found, which could connect spectral 
output and TPC content under the other treatments. Cryptochrome or phytochrome 
mediated responses were not found to be controlling TPC accumulation in the cell 
cultures. Under darkness, yields of TPC were higher than under G2 and AP673L. This 
could indicate that excess cryptochrome activation leads to lesser TPC accumulation. 
Since AP67 contains the least blue wavelengths, it has the smallest contribution to 
cryptochrome mediated phenol synthesis. But there can be some other factors affecting 
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as well, since G13 and AP673L are very similar in spectral output but still there is major 
difference between these two on TPC content. In Vaccinium higher TPC is obtained 
under AP673L (Figure 26).  In bilberry G13 has the lowest TPC, and if the treatments 
of two extremes in sense of TPC are compared, only difference is that G13 has more 
blue wavebands in its output. This could be an indication of excess low wavebands in 
the light output could reduce TPC. Under darkness blueberry had the highest phenolic 
content, which could indicate that light mediates responses which leads to that carbon is 
used to synthesis of other, non-phenolic compounds. The highest and the lowest 
accumulations of TPC in lingonberry and cranberry are relevant with cryptochrome 
mediated input, whereas excess of shorter wavelengths can reduce the TPC, as seen 
from G13 and AP673L in both species (Figure 26).  
 
One problem of plant cell cultures is seen in anthocyanin content of the berry cell 
cultures. Some did not at all produce same anthocyanins as their elite mother plants. 
Arctic bramble (15) contained an anthocyanin which was unhydrolyzable by the 
method. Anthocyanidins usually have 6‒12 nm higher absorption maxima, therefore the 
unknown compounds aglycone is possibly cyanidin, because of the absorption maxima 
of the compound is 516 nm and cyanidin has 526 nm (Hurst 2002; Takeoka and Dao 
2002). The compound could be acylated or it is more likely highly methylated 
anthocyanin since increased methylation increases anthocyanin stability (Bakowska-
Barczak 2005). The compound’s structure must be solved, since it could have potential 
value for example as a colorant. 
 
Light quality has a great impact on anthocyanin concentrations in berry cell cultures. 
Accummulation was increased by 130‒230 % when the light treatment which had 
highest accumulations and the light treatment which had the lowest accumulation are 
compared. Increased anthocyanin accumulation is correlating with wavebands which 
are characteristic for cryptochrome and phytochrome activation. Green or any other 
waveband did not have any significant correlation with anthocyanin content. Slightly 
lower correlation in phytochrome activation is observed in the results because of the 
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synergistic effects of cryptochromes and phytochromes to reduce the activity of COP1. 
From the results it can be seen that in some species accumulation of certain 
anthocyanins varies a lot. This could indicate that some enzymes transcription is not 
controlled by the same mechanisms as in others. Discovering the enzyme transcriptional 
factors under these treatments would have had answered this question and this topic 





The results of this thesis offer a small glance on the effect of light quality on plant 
biochemistry but provide a solid basis for additional studies on this subject. The best 
light quality in the sense of light energy utilization in plant cell cultures might be 
dependable on the nature of cell culture. According to the results it can be assumed that 
completely same spectral output is not always the best solution for different cell cultures 
and possibly for plant species. Danger of obtaining less photosynthetic activity which 
leads to slower growth in mainly heterotrophic and partly photoautotrophic cell cultures 
is present as well if light quality is not considered. The results of the lipid content 
indicate that synthesis of some secondary metabolites derived from C18:2 and C18:3 
lipids are affected by light quality. Yields of anthocyanins and possibly yields of other 
flavonoids can be increased significantly in some cases with optimal light quality. The 
results of this thesis raise a need to characterize the connections between shorter and 
longer fatty acids and to solve the structures of anthocyanin compounds of the berry cell 
cultures, since some may produce potentially valuable compounds.  
 
Plant cells do have individual requirements for optimal growth and production of 
secondary metabolites, which is seen at first as different requirements in composition of 
growth medium. As the results suggest, different plant cell cultures have different 
reponses to the light quality and different requirement of light quality. Further, light 
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quality is an important factor which leads to enchanced secondary metabolite 
accumulation. Based on these results and the possibilities offered by the LED 
technology to define light quality, it is possible that in the future in both plants and plant 
cell cultures individual requirements can be taken into account when better yields are 
sought. Alongside with the other strategies it could mitigate the problems of plant cell 
culture technology, to increase its economical viability as an option to other biological 
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APPENDIX 1. Equipment, material, chemicals and standards used. 
Equipment/Material Model/manufacturer Additional information 




UPLC-DAD Waters UPLC-DAD Column:Acquilty UPLC 
BEH C18 1.7 µm 2.1 x 
100 mm column and 
guard column VanGuard 
Pre-Column 2.1 x 5 mm 
GC-MS Agilent 7890A GC System 
Agilent 5975C inert MSD 
with Triple-Axis detector 
Column:RTX-5MS 15 m 
x 250 µm x 0.25 µm 




Chemicals and standards Manufacturer Additional information 
Acetic acid Sigma-Aldrich  
Acetone Sigma-Aldrich  
Astaxanthin Sigma-Aldrich  
Chlorophyll b Sigma-Aldrich  
Cyanidin chloride Extrasynthèse  
Cyanidin-3-glucoside Extrasynthèse  
Delphinidin chloride Extrasynthèse  
Dichloromethane Sigma-Aldrich  
Folin-Ciocalteu’s reagent Sigma-Aldrich  





Heptadecanoic acid   
Lutein Sigma-Aldrich  
Methanol (HPLC) Sigma-Aldrich  
MgCO3   
MSTFA reagent Pierce biotechnology  
Na2CO3 Merck  
Pelargonidin chloride Extrasynthèse  
Petroleum ether Sigma-Aldrich  
Water Purelab Ultra  
β-carotene Sigma-Aldrich  
McCow Woody plant Duchefa  
MS basal salt mixture Duchefa Murashige&Skoog 
Bacto agar BD  
Gelrite Roth  
   
   
   
  




















APPENXID 4. Fresh weight and dry weight of test materials. 





(m/m) dry material 
(%) 
Lingonberry KAS377 1-9(5) Darkness 20,85 1,25 6,00 
Lingonberry KAS377 1-9(5) G2 27,1 1,89 6,97 
Lingonberry KAS377 1-9(5) AP67 22,16 1,25 5,64 
Lingonberry KAS377 1-9(5) G13 21,88 1,25 5,71 
Lingonberry KAS377 1-9(5) AP673L 25,94 1,42 5,47 
Bilberry KAS443 Darkness 22,48 1,51 6,72 
Bilberry KAS443 G2 29,81 1,69 5,67 
Bilberry KAS443 AP67 20,42 1,35 6,61 
Bilberry KAS443 G13 21,41 1,28 5,98 
Bilberry KAS443 AP673L 21,48 1,35 6,28 
Cranberry KAS339 10(3) Darkness 20,82 1,14 5,48 
Cranberry KAS339 10(3) AP67 19,3 1,19 6,17 
Cranberry KAS339 10(3) G13 15,05 0,96 6,38 
Cranberry KAS339 10(3) AP673L 16,98 1,12 6,60 
Arctic bramble KAS341/7AB Darkness 24,04 1,52 6,32 
Arctic bramble KAS341/7AB G2 39,05 2,03 5,20 
Arctic bramble KAS341/7AB AP67 34,01 1,84 5,41 
Arctic bramble KAS341/7AB G13 33,24 1,99 5,99 
Arctic bramble KAS341/7AB AP673L 27,93 1,7 6,09 
Arctic bramble KAS341/15 Darkness 11,84 0,81 6,84 
Arctic bramble KAS341/15 G2 9,15 0,65 7,10 
Arctic bramble KAS341/15 AP67 11,69 0,79 6,76 
Arctic bramble KAS341/15 G13 4,85 0,37 7,63 
Arctic bramble KAS341/15 AP673L 4,7 0,35 7,45 
Cloudberry KAS371/2 Darkness 20,52 1,03 5,02 
Cloudberry KAS371/2 G2 23,89 1,13 4,73 
Cloudberry KAS371/2 AP67 24,77 1,21 4,88 
Cloudberry KAS371/2 G13 22,91 1,15 5,02 
Cloudberry KAS371/2 AP673L 25,74 1,37 5,32 
Raspberry KAS326/1 Darkness 14,74 1 6,78 
Raspberry KAS326/1 G2 19,11 1,44 7,54 
Raspberry KAS326/1 AP67 17,2 1,29 7,50 
Raspberry KAS326/1 G13 18,43 1,41 7,65 
Raspberry KAS326/1 AP673L 18,31 1,45 7,92 
  
APPENDIX 5. Photographs of samples with two distances by microscope. 
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Lingonberry KAS377 1-9(5) 
Treatm
ent 
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APPENDIX 6. Temperature log of the in-door greenhouse during experiments. 
Temperatures in the greenhouse during experiments 
Date Tmin (˚C) Tmax (˚C) Date Tmin (˚C) Tmax (˚C) 
11.10.2013 21,0 22,0 5.12.2013 22,0 22,5 
14.10.2013 21,0 22,0 9.12.2013 22,0 22,5 
16.10.2013 21,0 21,5 11.12.2013 22,0 22,0 
18.10. 2013 21,5 21,5 13.12.2013 21,5 26,5 
21.10.2013 20,5 22,5 18.12.2013 18,0 25,5 
23.10. 2013 21,5 22,0 20.12.2013 17,0 26,0 
25.10. 2013 21,5 22,0 23.12.2013 18,0 26,5 
28.10.2013 21,5 22,0 27.12.2013 18,0 26,0 
30.10.2013 22,5 22,5 30.12.2013 18,0 26,0 
01.11. 2013 22,0 22,5 01.01.2014 18,0 25,5 
04.11. 2013 21,5 22,5 07.01.2014 18,0 25,5 
06.11. 2013 21,5 22,5 09.01.2014 18,0 26,0 
08.11.2013 22,5 22,5 10.01.2014 18,0 25,5 
11.11.2013 22,0 22,0 13.01.2014 18,0 26,0 
13.11. 2013 22,0 22,0 15.1.2014 18,0 26,0 
15.11. 2013 22,0 22,5 17.1.2014 18,0 26,0 
18.11. 2013 22,0 22,0 20.1.2014 18,5 26,0 
20.11. 2013 22,0 22,5 22.1.2014 18,0 25,5 
18.11.2013 22,0 22,0 24.1.2014 18,0 26,0 
20.11.2013 22,0 22,5 29.1.2014 18,0 26,0 
22.11.2013 21,5 23,0 31.1.2014 18,0 25,5 
25.11.2013 22,5 22,5 3.2.2014 18,5 25,0 
27.11.2013 22,5 22,5 5.2.2014 18,0 26,0 
29.11.2013 22,5 22,5 7.2.2014 18,0 26,0 
2.12.2013 22,5 22,5 10.2.2014 18,0 26,0 












































































20.732 350 339 185 
Nonadecanoic 
acid, methyl 












21.642 322 291 135 
Methyl 9-
eicosenoate 
21.725 324 292 167 
Eicosanoic acid, 
methyl ester 










































APPENDIX 8. Spectra of anthocyanin standards. Data from UPLC-DAD. 
Spectrum of cyanidin-3-glucoside (standard, concentration 50 
µg/ml in methanol). Peaks λ= 279.6, 328.5, 516.4. Rt = 2.795-
2.836 
Spectrum of pelargonidin chloride (standard, concentration 50 
µg/ml in methanol). Peaks λ= 266.6, 322.5, 421.7, 511.5. Rt = 
4.123-4.189 
  
Spectrum of cyanidin chloride (standard, concentration 50 
µg/ml in methanol). Peaks λ= 274.9, 438.6, 526.1. Rt = 3.643-
3.711 
Spectrum of delphinin chloride (standard, concentration 50 
µg/ml in methanol). Peaks λ= 272.5, 343.6, 532.2, shoulder 420-




APPENDIX 9. Retention times and spectra of photosynthetic pigments from standard 
samples and degradation tests. 
Spectrum of β-carotene (standard, concentration 10 µg/ml in 
acetone). Peaks λ= 452.0, 478.7. Rt = 3.62 
Spectrum of lutein (standard, concentration 50 µg/ml in 
acetone). Peaks λ = 452.0, 478.8. Rt = 1.94 
  
Spectrum of chlorophyll-b (standard, concentration 60 µg/ml in 
acetone). Peaks λ= 314.2, 342.5, 466.5, 600.6, 650.8. Rt = 2.88 
Spectrum of astaxanthin (IS) (concentration 100 µg/ml in 





Spectrum of phaeophytin b (obtained from HCl treated sample of chlorophyll b). λ (nm) 









Spectra of chlorophyll b degradation products after NaOH treatment 
λ (nm) max=  344.8, 
456.8, 636.1. 
Rt(min.) = 2.472.  
 
λ (nm) max= 339.1, 450.8,  
626.3. Rt(min.)= 2.528 
 















APPENDIX 10. Chromatograms and spectra of compounds in anthocyanin samples. 
 Arctic bramble (15) (G13). 
 
  
































APPENDIX 11. Chromatogram and spectrum of compounds in photosynthetic pigment 





























APPENDIX 12. Calibration curves of anthocyanins, anthocyanidins, TPC and 
photosynthetic pigments standards. 





Total phenolic content 
 
 
y = 19093x - 50068 











y = 14499x - 92984 











y = 24644x - 23318 










y = 13622x - 2032,7 











y = 30083x - 3529 












y = 10781x - 8980,7 











Chlorophyll b and a 
y = 0,0103x - 0,1932 












TPC calibration curve 
  
APPENDIX 13. Hydrolysis results of anthocyanin samples. 
 
 
















AP673l 3218,6 228,9 133,6 133,9 3715,0
G13 3069,9 207,2 161,1 136,6 3574,9
AP67sv2 1608,1 226,3 138,3 124,4 2097,0
G2 2237,2 234,6 144,5 121,0 2737,3
Dark 334,8 153,5 121,6 609,8
Lingonberry hydrolyzed log (µg/g) 













AP673l 99,6 2406,6 270,9 142,0 2919,0
G13 75,6 1422,5 189,5 142,2 1829,8
AP67sv2 77,2 1564,7 259,0 121,6 2022,6
G2 65,2 1258,9 194,4 127,4 1645,9
Dark 316,1 184,2 500,3










Anthocyanidin(3.7) Anthocyanidin(4) Anthocyanidin(4.56) Total anthocyanidin
AP673l 846,4 152,8 137,2 1136,4
G13 605,0 182,1 787,1
AP67sv2 668,0 175,3 130,9 974,3
G2 805,3 165,0 124,3 1094,6
Dark 611,0 206,5 124,4 942,0
Bilberry hydrolyzed log (µg/g) 




Unknown anthocyanin Cyanidin Total anthocyanidin
AP673l 325,5 212,6 538,2
G13 396,8 311,1 707,9
AP67sv2 352,4 250,7 603,1
G2 337,9 236,9 574,7
Dark 133,8 133,8
Arctic bramble (15) hydrolyzed log (µg/g) 
  
APPENDIX 14. Results and identified compounds from SPME GC-MS analysis of 
berry samples. 


















































Linolenic acid, ethyl 
ester  












ethyl ester  
Isopropyl Palmitate  
iso-Propyl dodecanoate 
 
 
Ethanol, 1-(2-
butoxyethoxy) 
Triethylene glycol 
Undecanoic acid 
Tetradecanoic acid 
 
 
